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ABSTRACT 
 

Electricity access is seen as an economic growth enabler and a commodity to improve people’s 

welfare. Hence, electrification is one of the aspects highly regarded by governments 

worldwide. In Africa, electricity access is still a challenge, this is well illustrated by the low 

electrification rate of 41%, which is more significant in sub-Saharan region with an 

electrification rate of 35%. In this part of the continent, on one hand, the reliability of the power 

supply in electrified areas is still an issue and on the other hand, in areas far from the grid, 

there are less perspective for grid extension if considered the financial situation and top down 

model of grid extension used by the utilities. This leads to the extensive use of diesel 

generators in urban and rural areas.  The traditional top down model for grid extension requires 

huge capitals that are mainly provided by the utility. The return on investment on extended grid 

determines the approval for extension or not. It is difficult for remote rural areas with no major 

economic activities like mining to cross the threshold of return on investment acceptable by 

the utility. Hence new approaches are sought to increase the electrification rate in Africa while 

maintaining the cost as minimum as possible. Bottom up grid extension using swarm 

electrification and off-grid solutions such as microgrids are gaining interest of researchers as 

alternative to the traditional method. It is in this line that this thesis entitled “Intermediate Low 

Voltage Direct Current (ILVDC) interconnection systems for sparse electrified areas” is looking 

into combining both approaches by building up a network from the bottom considering the 

locally available off-grid solutions such as nanogrid diesel generators for microgrids formation.  

“Olympic rings” microgrids approach is used to extend the electrified areas and anticipate an 

eventual interconnection with the grid. For this end, nanogrid and microgrid networks are 

developed, designed and tested. Bi-directional Nanogrid converter are designed with 

modularized topology to allow easy and economic repair as only affected module should be 

replaced if needed. Proposed bidirectional converters for nanogrid, microgrid and minigrid are 

modelled and simulated in PSIM environment. Simulation results show that the design criteria 

set are met by the converters. Control strategies for power exchange within nanogrids and 

microgrids, as well as the overall control are proposed. Communication based control strategy 

algorithms for nanogrids and microgrids are developed. Power line communication (PLC) 

technique is adopted as a communication system while a DC opto-capacitive coupler for PLC 

communication system is developed to enhance the safety of the equipment and users. 

Interconnection of microgrids through ILVDC network is performed with respect to IEC60038 

and IEEE 1547. Load flow analysis using DigSilent PowerFactory is performed on individual 

and interconnected microgrids, with contingency scenario in the latter case. The simulation 

results proved a successful interaction and improved loading on the machine during the 

contingency as opposite to results in the Islanded mode.  
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CHAPTER ONE 

INTRODUCTION 

1.1  Introduction 

The last century has demonstrated that every facet of human development is woven around a 

sound and stable energy supply regime. As such, electrification is among governments' 

priorities. The electrification rate in Africa compared to the rate on other continents, is still low. 

In addition, reliability of supply in electrified areas is a challenge and power blackouts are still 

common in many African urban and rural areas. 

On the African continent, the sub-Saharan region is the greatly affected by not having access 

to electricity, with 633 million being affected(Avila et al., 2017). By contrast only 1 million people 

in northern Africa are without electricity (IEA, 2017). New methods are needed to correct the 

situation and improve the electrification rate. 

1.2 Background 

The electrification rate is very low in Africa (41%) compared to developing countries in South 

Asia, which is at 68,5%, and Latin American, which has a 93, 2% electrification rate. In Africa, 

specifically in sub-Saharan countries, the rate is 35%(Tagliapietra, 2017; IEA, 2017) . 

According to the International Energy Agency (IEA) (2017), besides South Africa, the main 

economic countries in the sub-Saharan region have a shortage of electricity. This is in contrast 

with the general rule that suggests that the growth of the electricity generation capacity should 

increase at about the same rate as the economy. For instance, the urban electrification in 

Nigeria, the biggest oil producing country in Africa with an annual GDP per capita of $2,758 in 

2017, has its urban electrification at around 58%; while for Angola, also electrification rate is 

32%(Tagliapietra, 2017). The worse picture is expected in weak economy in sub-Saharan 

countries.  

Various reasons are behind the actual status of electrification in the sub-Saharan region, from 

the disruption, damage or destruction of power plants and distributions lines due to wars, to 

various other political reasons, including cartels that benefit from generators fuel selling (Leba, 

2011). As result, diesel power generator for many users is the only affordable off-grid option 

or in case of power shortage. Moreover, daily power outages are frequent in 30 sub-Saharan 

countries to such an extent that diesel generators are the main source of power (IRENA, 2012). 

In countries like the Democratic Republic of Congo and Equatorial Guinea, diesel generators 

are used to produce at least 50% of the power consumed, while in West Africa, 17% of the 

power generated is diesel-based (IEA, 2017; IRENA, 2012). In Nigeria only, around 15 million 

diesel generators are in use for electricity generation(Research and Markets, 2017; Awofeso, 
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2011). Similar situations can be observed in many sub-Saharan countries, mostly in cities 

where urbanisation is constantly taking place (World Bank, 2013). 

The power sector structure of many sub-Saharan countries is changing to conform to the global 

electricity market restructuration. The structure that used to be the monopoly of utilities, mostly 

government-owned, is changed to allow for private companies to enter the electricity market. 

Although reforms were meant for the introduction of the competition to the whole level of the 

electricity market, from generation to distribution, in many sub-Saharan countries the 

competition is only at generation level. Utilities, mostly government-owned, are still the only 

responsible means of transmission and distribution of electricity to customers (Bacon & 

Besant, 2001). Being responsible for the transmission and distribution grid, sub-Saharan 

African utilities are in charge of operation, maintenance and the extension of the grid. 

The actual grid extension model is a top-down model with utilities at the top initiating and 

financing the process. In sub-Saharan countries, the same model with variation in 

management has been used for rural and urban electrification or grid extension to those areas. 

On a macro level in the case of rural electrification, institutional approaches such as the 

creation of a separate division within the utility, creation of a Rural Electrification Agency 

(REA)/Rural Electrification Fund (REF), or the creation of private companies as well as small 

and medium-sized businesses are used to manage grid extension; while on the micro level are 

the rural cooperative approaches, where the targeted users through a cooperative manage the 

extension. 

The common point for all those approaches is the preponderant role of utilities from the 

initiation of the process till its accomplishment. Top-down grid extension faces various 

challenges in its implementation due to the weak financial situation many utilities are facing 

that may prevent them financing the extension of their distribution grid. New approaches for 

grid extension that may avoid all those challenges as well as take into account off-grid 

generation are required.   

1.3 Significance of the research 

The extension of the grid is one of the solutions for increasing the low electrification rate of the 

sub-Saharan countries. With the current approaches that are used for grid extension by 

utilities, it has been observed that there are challenges likely to slow if not completely inhibit 

the process. Finding a new approach that overcomes the shortage of the current ones is 

important for both utilities and users. This research focuses on developing from a technical 

perspective a new grid extension strategy, which starts from the users' side through 

interconnection of sparse generating point. The strategy is a bottom-up grid extension based 

on the DC network: nano and microgrid. 
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There is a gap in bottom-up grid extension implementation strategy from a techno-economic 

aspect. This research provides guidelines for this gap.  

1.4  Research question 

The electrification rate of sub-Saharan countries is still low, and the majority of the population 

is relying extensively on off-grid generation, which happens to be expensive. Grid extension is 

one of the ways to increase the number of grid connected electricity users.  

This research investigates how to expand the grid to the dispersed off-grid areas with respect 

to the local generating sources using Intermediate and Low Voltage Direct Current system. 

1.5 Aim and objectives of the study 

The study aims for the implementation of interconnection systems of sparse electrified areas 

based on intermediate low voltage direct current. 

Specific objectives include: 

a) To review existing theories and the practice of power system distribution network, 

operation and extension for both DC and AC systems.  

 

b) To develop strategies for the interconnection of off-grid generation sources based 

on DC network with eventual utility grid connection. 

 

c) To design converters and control strategies for nanogrid, microgrid and minigrid 

formation as well as the interconnection of the minigrid with utility grid 

 

d) To design an intermediate low voltage direct current distribution grid, simulation 

and perform power flow analysis. 

 

e) To design a communication system for the intermediate low voltage direct current 

(ILVDC) network.  

 

f)  To Propose a ILVDC implementation strategy. 
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1.6 Research Design and Methodology 

This thesis focuses on bottom-up grid extension based on the interconnection of distributed 

generation, using the intermediate low voltage direct current network as a back bone. To 

achieve those goals, the following methods were used:  

- To define, contextualise, and gain knowledge about the research area as well as onto 

the topic, an extensive literature review was performed. From the literature review the 

state of art and future trends of electrical power distribution system as well as of Low 

Voltage Direct Current distribution networks were identified.  

 

- From literature, knowledge gained and gaps in research identified; improvement and 

solution strategies were proposed. In this regard, lack of access to electricity, 

challenges for grid expansion and disparity of generating source in rural areas were 

identified. Intermediate Low Voltage DC network interconnection of distributed 

generation source was proposed as solution for grid extension.  

 

- Modelling, designing, and simulations of proposed strategies. ILVDC network system 

component such as generator, converter and communication system were modelled 

and simulated using Simulink, PSIM and DIgSILENT software for load flow analysis. 

 

- Analysis of results and reflection on improvement onto the proposed solution. From the 

simulation results, an analysis is performed for design criteria fulfilment and the 

effectiveness of the proposed solutions.  

 

 

1.7 Research contributions 

This thesis, through the objectives, results and recommendation, has made the following 
research contributions:  

1. It presents state of arts and practice for electrical power distribution systems. The 

structure, control, operation, network extension and related challenges were identified. 

LVDC networks concept and perspectives on application for bottom-up grid extension 

in Africa.  

Part of the contribution is published in: M. Giraneza and M. T. E. Kahn, "Intermediate 

low voltage direct current based decentralized grid extension," 2015 International 

Conference on the Industrial and Commercial Use of Energy (ICUE), Cape Town, 2015, 

pp. 272-276. doi: 10.1109/ICUE.2015.7280278 
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2. Intermediate low voltage direct current concept network is presented, and component 

designed for bottom-up grid extension. The interconnection of different source in swarm 

electrification concept as presented, requires a communication system. Low cost 

communication system and a novel coupler for power line communication are 

presented.  

3. Part of this contribution is published in: M. Giraneza and M. T. E. Kahn, Broad band 

opto-capacitive power line communication coupler for DC nanogrids, Journal of King 

Saud University Engineering Sciences. https://doi.org/10.1016/j.jksues.2019.02.001.It 

aims, among other objectives, for the implementation of grid extension from the bottom-

up using sparse electrified areas. In this regard, energy management systems 

algorithms for nanogrid, microgrids and for grid interaction are developed in this work. 

Modularised converters are designed with the intention to facilitate the repair or 

maintenance.  

 

4. The implementation of ILVDC network for grid extension part of the bottom-up strategy 

in terms of financing and metering is laid out. Opinions from the thesis are presented 

in:” M. Giraneza and M.T.E Kahn, DC nanogrid-based energy bank for rural community” 

published in Energize, Nov-Dec 2018, pp32-33.           

 

 

1.8 Thesis outline 

This thesis titled ‘Intermediate Low Voltage Direct Current (ILVDC) interconnection systems 

for sparse electrified areas' focuses on the interconnection of distributed generation and 

integration of non-electrified entities by using DC networks in the framework of swarm 

electrification. Related concepts, design, simulations results and analysis are presented 

throughout this thesis. The rest of this thesis is organised into seven chapters, structured as 

follows:  

Chapter 1: Lays out the introduction of the research question, its background, objectives and 

methodology used to reach the main objectives. It also discusses the outcomes of the research 

and the outline of the thesis with a glance on each chapter.   

Chapter 2: Introduces theory and practice of the electrical power system, with emphasis on 

distribution network, topology, components, operation, planning and extension. It also 

highlights the challenges related to distribution network extension.  
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Chapter 3: Discusses low voltage direct current in the distribution network, its components, 

standards, voltage, topology, protection, control, application, and perspectives of LVDC 

distribution systems in Africa. 

Chapter 4: Introduces the intermediate voltage direct current network for sparse electrified 

areas as a concept; modelling, design and simulations of the all components of the system. 

Converters, communication system design and simulations as well as protection systems are 

discussed. Algorithms for energy sharing management systems at all level of the ILVDC 

network are developed in this chapter.  

Chapter 5: In this chapter, load flow analysis, short circuit, protection coordination and an 

analysis of the proposed network system are discussed.   

Chapter 6: Provides a summary of the relevant results, draws conclusion, and offers 

suggestions for further studies. 

 

1.9  Conclusion   

This chapter discusses the problem statement of the research and its background. Research 

significance, objectives and aims of this study as well as the methodology used are discussed. 

It also includes the contribution of this research and the structure of this report.  

For solution to be developed, a good understanding of the problem is essential. This is 

achieved through an extensive literature review focusing on operation, challenges, actual and 

future solutions.  
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CHAPTER TWO 
ELECTRICAL POWER DISTRIBUTION NETWORK EXTENSION 

 
 

2.1 Introduction on power system network  

The invention of the electric incandescent bulb by Edison in the 1870s opened doors for the 

first electric power system, the Pearl street system in 1882 in New York. Since then the power 

system has not ceased to evolve, from initial DC system to AC system, from solely 

underground cable systems to the actual overhead lines, and from short range networks to 

continental interconnected systems. The AC system imposed itself in 1893 due to the 

impracticability of the DC system associated with high losses for long transmission (Zhang, 

2010).  

However, the battle of currents seems resumed with DC systems coming back into 

perspective, thanks to new power electronics technologies. In fact, in application for long 

transmission, High Voltage Direct Current (HVDC) systems demonstrate better features in 

terms of transmission losses, stability, control, and power quality (Rudervall et al., 2000). 

Application of the DC system is currently expanding throughout all levels in the power system 

structure (Bathurst et al., 2015; Hakala et al., 2015b). 

 

The traditional power system structure shown in Figure 2.1 is undergoing changes due to the 

introduction of distributed generation (DG) at all levels of the electrical power system 

(Georgilakis et al., 2013). The modern power system, shown in Figure 2.2, is characterised by 

the introduction of distributed generation units. Most of the DGs are renewable energy based 

and are usually situated closer to the load centres, which is in contrast with the traditional 

power system where the generation stations are situated far from load centres. The modern 

power structure differs from the traditional structure which is centrally managed and largely 

passive, it is highly distributed and more complex (Xiao-Ping Zhang, 2010).  
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                                            Figure 2. 1: Traditional power system structure 

 

 

Figure 2. 2: Modern power system structure. 
 

2.2 Transmission network  

The purpose of the electric transmission system is to interconnect electrical energy generation 

stations or power plants with main load centres. High Voltage AC (HVAC) systems are used 

for most transmissions as well as High Voltage DC (HVDC) systems. Overhead transmission 



10 
 

lines are also used to interconnect neighbouring utilities for regional economic power dispatch 

purposes during normal operating conditions and for power transfer during emergencies. 

Operational transmission voltages range up to 765 kV for ANSI standards and up to 1200 kV 

for IEC standards. Transmission lines carry the power to substations where the voltage is 

stepped down to suitable levels for distribution and switching in and out are performed. Those 

substations are also known as high voltage substations or switching substations respectively. 

The portion of transmission network between substations and the distribution network is called 

a sub-transmission network. Voltage levels at this stage of the power system structure 

generally range from 69 to 138 kV (El-Hawary, 2002). Large industrial loads are connected on 

sub-transmission networks. Capacitor and reactor banks for transmission network voltage 

stability are housed in substations. 

 

2.3 Distribution network  

The distribution network serves as the last link of the supply chain between the generation 

station and the customers. It ensures safe and reliable transportation of electricity to various 

customers across the entire geographical service. Distribution systems voltage ranges from 

11 to 60kV for primary distribution mainly for huge load customers and less than 1kV for 

secondary distribution that terminates at customers’ meter. Three-phase connections are used 

for primary distribution while for secondary distribution both three and single-phase 

connections are used depending on utility regulations. 

Early electricity distribution was done through underground DC system networks and then 

evolved to AC system networks. Due to economic reasons, overhead distribution lines are 

preferred over underground systems. The installation cost is hiked due to the civil works 

involved such as duct and manhole construction and need of conductors with special 

insulations. However, underground power distribution systems have advantages in visual 

pollution restricted areas. The overhead distribution systems are economical with regards to 

installation and maintenance. On the other hand, they are not practical in densely populated 

areas and they are subject to fault due to lightning strikes and storms, therefore they are 

preferred in rural areas (Patrick & Fardo, 2009). Between the two systems, the deciding factor 

is economic, while sometimes, non-economic factors like public safety might also be 

considered in system selection.  

Main network topologies used in the distribution system are radial, ring, and interconnected 

systems(V.K. Mehta and R. Mehta, 2011). The radial system shown in Figure 2.3 is the 

simplest and most economic topology in terms of initial cost. However, it is disadvantaged by 

the fact that the distributor side near the feeder is more loaded than the distributor end-side 

where the voltage fluctuations are observed, as well as reliability issues as the costumers 
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depend on a single distributor. The radial system is mainly used in rural electrification. The ring 

distribution system in Figure 2.4 addresses reliability issues and voltage fluctuation inherent to 

the radial system; while the interconnected system in Figure 2.5 increases reliability and 

reduces the reserve power capacity therefore improving the efficiency of the system. 

Electrical energy is currently viewed more as a product than a service, therefore quality criteria 

are applied to the power distribution system, which is thus required to continuously supply 

proper voltage, power on demand, and to be reliable all the time (Bollen, 2000). Therefore, in 

the design and operation of a distribution system voltage stability is an important aspect, as 

modern loads are very sensitive to voltage fluctuation. The latter results from load variation on 

the system and consequences are the burning out of motors and inefficient lighting for low 

voltage, while the burn out of lighting and malfunction of some appliances would result in case 

of higher than rated voltage at terminals of the customers. Beside voltage stability, continuous 

supply of energy, reliability, and minimal outages are expected from the power distribution 

system (Bíscaro et al., 2016).  

 

 
Figure 2. 3: Radial distribution systems: a) DC and b) AC. 
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Figure 2.4: Ring main distribution system. 

 
 

 

 
 

Figure 2.5: Interconnected/meshed system. 
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2.4 Distribution network components  

The role of the electricity distribution network is to provide a path for electrical energy to flow 

from the transmission substation or distributed generation to each customer at a suitable rated 

voltage. Electrical energy has become the backbone of modern society, therefore the need for 

a reliable, good quality, and safe supply. To achieve this, a combination of various equipment 

and components is arranged in a systematic way. Different components are used depending 

on the network topology, but the main components are cables or lines, poles, transformers, 

protection systems, and substations. 

2.4.1 Cables and lines  

Depending on the design and considering economic and legal constraints, the distribution of 

electrical energy to the customers might be performed using overhead lines or underground 

cables. Overheard lines are economical compared to cables. Specific characteristics such as 

high electric conductivity, high tensile strength, least weight and least cost, are sought for a 

good overhead conductor. Other factors like safety might be taken into consideration over the 

previously mentioned characteristics. In distribution networks, mainly two types of overhead 

lines are used: insulated and uninsulated conductors.  

Uninsulated conductors are bare conductors previously made from copper but currently in 

aluminium alloys. Though copper has a higher conductivity compared to aluminium, it is 

heavier and more expensive than aluminium, hence the general use of aluminium conductors 

for overhead lines. Traditional power delivery systems use three types of aluminium 

conductors:  aluminium conductor steel reinforced (ACSR), all aluminium alloy conductor 

(AAAC), all aluminium conductor (AAC). Due to the high-power demand and convergence of 

the population in the cities, it might be impossible to build new transmission and distribution 

system from environment point of view. Therefore, emphasis is put on developing new 

conductors with high efficiency, less environmental impact and public acceptance. Hence the 

development of superconducting cables and lines (Thomas et al., 2016).  They are classified 

into: High Temperature Superconductor lines/cables (HTS) and Low Temperature 

Superconductor lines/cables (LTS) (Geun-Joon, 2011). Among the modern power delivery 

systems are also the Gas Insulated Lines (GIL) largely discussed in Magier, Tenzer, & Koch 

(2018) they are also used in transmission of bulk power.   

The aluminium conductor steel reinforced shown in Figure 2.6 is a bimetallic conductor 

consisting of two stranded layers. The inner layers are steel wires while the external layers are 

hard drawn aluminium, which increase the conductor’s mechanical strength. This kind of 

conductors find applications in high voltage and medium voltage overhead transmission lines. 

They are stranded in order to prevent breakage and minimize skin effects. Having an improved 

mechanical strength allows for long span use.  
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Figure 2.6: Aluminium conductor steel reinforced (electrical4u, 2017). 
 

All Aluminium Alloy Conductor (AAAC) shown in Figure 2.7 differs from the ACSR conductor 

as there is no steel and is therefore lighter. The alloy compensates in terms of strength, but 

also makes it more expensive. Its application can be found in transmission and sub-

transmission networks where the environments, like mountains and swamps, impose 

limitations on support structures. AAAC are more resistant to corrosion and have low losses 

compared to ACSR conductors. 

 

 

Figure 2. 7: All aluminium alloy conductor (HBE Centrado, 2017). 
 

 

All Aluminium Conductor (AAC), shown in Figure 2.8, is widely used in primary and secondary 

distribution networks. It consists of aluminium wires stranded in single or multiple concentric 

layers. All aluminium conductors have a better conductivity at a low voltage level and less 

strength compared to the ACSR, hence its use in distribution where a shorter span is required. 

They are also corrosion resistant, which makes them preferred for coastal areas (Ridley, 2017). 
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Figure 2. 8: All aluminium conductor (Hebei Huatong Wires & Cables Group Co., Ltd., 2017). 
 

 

The other type of overhead lines used in a distribution network is with insulated conductors. 

The idea behind the use of insulated conductors for overhead lines comes from the utility's 

need to improve reliability, quality service, electromagnetic concerns, the right of way 

deliverance issue, and safety as the clearance in congested areas is difficult to maintain (Clapp 

et al., 1997; Newswire, 2014). 

Three types of insulated conductors are categorised as unshielded: weatherproof wire, tree-

wire, and spacer cable. Weather-proof wires were used to reduce outages caused by the 

weather as the insulation serves to protect overhead conductors against weather conditions 

by preventing accidental contact between lines or other objects due to wind and storms. Initially 

made from asphalt-saturated cotton braids and natural rubber compounds, this insulation 

suffered from cracking after a short time (Landinger et al., 1997). Similarly, gravy polyethylene 

and cross-linked polyethylene were used, but they cracked due to extensive sunlight exposure. 

Modern line wires use non-cracking insulators made of a thin layer of thermoplastic or cross-

linked polyethylene and they are governed by ANSI/ICEA S-70-547. For an aerial space cable, 

a dual layer of insulation in polyethylene with abrasion resistance properties for the external 

layer is used (Bouford, 2008). This provides a protection against any pinholes by trees through 

the insulator layers that might cause accidental contact between lines. Tree wire are all 

insulated wires with properties between weatherproof and spacer aerial ones. They are 

available with single or double layer insulation. 

Shielded cables differ from the unshielded due to the fact that for the former, the insulation is 

rated for continuous operation voltage of the line and they have a shielding that provides a 

path for leakage current in the event of an insulation failure.  
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Aerial bundled conductors shown on Figure 2.9 are composed of insulated conductors bundled 

together. Two systems of aerial bundled conductors are in use: a self-supporting system which 

consists of four carbon loaded XLPE insulated aluminium wires of the same cross section and 

supporting-core system which consists of three carbon loaded XLPE insulated aluminium wires 

of the same size wrapped around a supporting insulated aluminium alloy conductor. An 

optional sub-conductor can be added depending on whether it is applied as a messenger or 

lightning rod. The use of aerial bundled conductors owes its roll out in the distribution network 

to the issues faced by bare overhead lines in urban and forested areas. In urban areas, the 

increased risk of faults due to proximity with buildings and trees favours the use of ABC lines; 

while in forested areas the risk of wild fire caused by the arc from lines faults due to wind 

motivates the current trend in the use of aerial bundled over headlines (Celina & George, 1995; 

C. Bayliss & Hardy, 2007). Moreover , a loss reduction method and new antitheft techniques 

are being developed  through the use of aerial bundled conductors (La Salvia, 2006; Sahito et 

al., 2015). 

 

 

Figure 2. 9: Aerial bundled conductors. 

 

Three aerial bundled conductor systems are widely used: 1) Finnish system, which consists of 

three insulated aluminium conductors and a non-insulated messenger wire in the aluminium 

alloy which is used as neutral; 2) French system, which also consists of three insulated 

aluminium conductors, but unlike the Finnish system the messenger is also insulated; 3) 

Germany system that consist of four aluminium alloy conductors of the same size, three 

phases and 1 neutral (Agarwal & Barua, 2010). All these systems can accommodate additional 

conductors for street light.  

Figure 2.10 shows different components of an aerial bundled line system in distribution with 

street lights service. One of the features of the system is the insulation piercing connector that 

eases the connection between the main and derived cable, reducing installation and 

maintenance cost. 
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Figure 2. 10: Aerial bundled conductor with street light connection(ukpowernetworks, 2012). 
 
 

1. Conductor fitting cap-end  

2. Conductor fitting insulator piercing connector  

3. Conductor  

4. Conductor compression non-tension 

5. Cable termination break out kit  

6. Cable  

7. Service box  

8. Cleat 

9. Local Authority Street Light Tails 

2.4.2 Over headlines support  

Lines support, known also as poles or towers, are one of the expensive parts of an overhead 

lines distribution network. They are expected to be mechanically strong to support conductors 

and insulators weight and withstand weather conditions, while at the same time being light in 
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weight and affordable to install and maintain. They should also have a long life span (V.K. 

Mehta and R. Mehta, 2011).  

In distribution networks, wooden poles, steel poles, reinforced concrete, and lattice steel 

towers are the main lines support in use up to date. The selection of any the above-mentioned 

poles depends on the size of the lines, voltage, environment, and the cost associated. Of 

course, with reference to the characteristics of an ideal pole.  

Poles in wood are commonly used in the distribution network in rural areas, as they are 

economically viable, available, and have sufficient insulation properties. Wooden poles, 

however, have shorter life spans and one of the major drawbacks is that they suffer from rot. 

The latter is prevented by the impregnation of the pole with Creosote. For the impregnation to 

take, wood moisture should be less than 30% to avoid later cracks that might occur due to the 

poles shrinking as they dry up (Sayer, 1986; Li et al., 2006; Lehtinen, 2016). Figure 2.11 shows 

different types of wooden poles. It is worth mentioning the fact that wooden poles cannot be 

used for voltage over 20 kV (Wahlberg & Rönnberg, 2011; V.K. Mehta and R. Mehta, 2011). 

 

Figure 2. 11: Wooden poles (V.K. Mehta and R. Mehta, 2011). 
 

Steel poles are used as a substitute to wooden poles due to their strength, lightness, resistance 

to animal damage, long life, and not needing chemical preservatives (Salman & Li, 2015). 

However, steel poles rise electrocution concerns, hence the use of alternative material such 

as fiberglass cross arms to minimize the risk (Harness, 1998; Deegan, 2008). Steel  poles 

suffer from corrosion due to the salt and  moisture in the air, so they are being replaced by 

composite poles that are safe and environmental friendly (Sarmento & Lacoursiere, 2006; 
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Thimons, 2014). Steel poles are used in distribution networks in cities and three types of them, 

shown in Figure 2.12 are on the market: rails poles, rolled steel joint, and tubular poles (V.K. 

Mehta and R. Mehta, 2011). 

 

Figure 2. 12:Steel pole (pinterest.com, 2015). 
 
 

Reinforced concrete poles have improved mechanical characteristics compared to wood and 

steel poles. In addition to looking good and having good insulation, its mechanical strength 

allows for longer spans and an extended service life of the poles which saves on operational 

and maintenance costs (V.K. Mehta and R. Mehta, 2011). However, the weight of reinforced 

concrete poles makes the installation a bit difficult as heavy lifting equipment is needed. The 

breaking of the pole due to seismic activities is also a concern (Rahnavard et al., 2013). 

Negative impacts of reinforced concrete on the environment have been reported in Harness, 

Gombobaatar & Yosef, (2008) and in Prather & Messmer (2010). Corrosion inside reinforced 

concrete poles might raise due to  AC currents interference (Brenna et al., 2017; Aghajani et 

al., 2013), which might affect lightning grounding design as well as the protective design of the 

network (Miyazaki et al., 2006; Shen et al., 2014; Sekioka, 2008). Figure 2.13 shows reinforced 

concrete poles for single and double circuit. The holes on the poles are for easy climbing during 

the installation and maintenance; they are also made in order to reduce the mass of the pole 

(V.K. Mehta and R. Mehta, 2011; Fouad & Detwiler, 2012).  
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Figure 2. 13: Reinforced concrete poles for single and double circuit (V.K. Mehta and R. Mehta, 
2011). 

 

2.4.1 Transformers  

Transformers are the main components of a distribution network technically and economically-

wise. They are used for voltage levels transition between primary distribution and consumers 

(Huang, 2003).  They are operated as step down three phases transformers or single phase 

depend on application. Furthermore, their construction depends on their application which 

goes in line with the intended cooling system. Thus, for an indoor application, a dry type 

transformer is used while for outdoor applications it is immersed in liquid (C. R. Bayliss & 

Hardy, 2007). 

Distribution transformers consists of a core and windings. The role of the core is to provide a 

route to the magnetic field lines generated from the windings through electromagnetic 

induction. The core is made of a lamination of steel sheet insulated from each other by a thin 

insulation coating. However, the core generates heat that must be dissipated. Despite the fact 
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that laminated steel coating might sustain high temperatures, being in contact with winding’s 

insulation it might damage the winding’s insulation (Coltman, 2002). Studies indicate the 

replacement of the steel sheet by new soft magnetic materials, mainly amorphous alloys, as 

transformer cores will have economic and ecological advantages (Najgebauer et al., 2011; 

Kefalas & Kladas, 2012).  

Distribution transformer windings are current carrying conductors made of copper or 

aluminium, depending on the intended application of the transformer as aluminium is lighter 

and economic but a large amount of it is required to match the copper performance. On the 

other hand, copper with its high mechanical strength can withstand the force resulting from 

high short circuit current, and is therefore used for high rating transformer (Olivares-Galván et 

al., 2010). Different ways of windings arrangements are used such as pancake windings, layer, 

and helical winding (Heathcote, 2007).  

The electromagnetic thermal effect transformers windings need to control to avoid its negative 

impact on the efficient and safety usage of transformers (Arifianto & Cahyono, 2009; Amoiralis 

et al., 2012). Hence the use of different cooling methods like air, water and oil-immersed, which 

are used individually or combined as a coolant. For dry type transformers, air natural and air 

forced cooling systems are used, while for oil  immersed, the following systems are used: oil 

natural cooling, oil natural air forced (ONAF) cooling, oil natural water forced (ONWF) cooling, 

oil forced air natural (OFAN) cooling, oil forced air forced (OFAF) cooling and oil forced water 

forced (OFWF) cooling (Blair, 2016). With oil  immersed transformers, through condition 

monitoring test transformers the oil helps in determining its status, which allows preventive 

maintenance (Haema & Phadungthin, 2013).  

Three-phase transformer windings can be connected in star (Y), delta (D), and inter-star also 

known as zig-zag (Z), depending on requirements. In distribution, usually the high voltage side 

is connected in delta for the sake of saving conductors from primary distribution, and often low 

voltage windings connections are in zig zag (Xiaodong et al., 2007). Ideally, the secondary 

would be connected in star but to prevent phase loading imbalance, the zig-zag connection is 

preferred. These connection arrangements create phase difference between primary and 

secondary windings which has an effect on the voltage sag propagation in the network 

(Mendes et al., 2008; Geno, 2011). These differences in phase angle are also known as vector 

groups. It is worth mentioning that the phase difference serves when there is a need to remove 

specific harmonics. These characteristics are useful for distributed generation integration as 

many of them use converters as an interface to the distribution network (Wen et al., 2012; 

Awadallah et al., 2015). DYn11 connection is often used in the distribution network for voltage 

step-down and is applied in industrial, commercial and residential areas (Aung & Milanović, 
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2006). The advantage with this arrangement is that the delta on the primary side blocks the 

third harmonics while the star on the secondary winding gives the neutral connection.  

The location of distribution transformers depends on the environment and the load centre, and 

can be overhead, underground, and pad-mounted. Overhead, also known as pole mounted 

transformers are usually used in rural areas for economic reasons though it is susceptible to 

be subjected to various weather conditions. Pad-mounted or ground-mounted transformers 

are mounted on an open space on ground in urban areas and for industrial applications. 

Underground or buried  transformers are used where there is a desire for protection against 

damage from weather conditions, vehicles, and trucks (Dudley & Mulkey, 2004). 

In distribution networks, transformers are key components, hence the need to protect them 

against internal and external faults that might affect them and by occasion the entire service. 

There are 6 categories of transformer faults (IEEE, 2000; Jan et al., 2015):  

1. Winding and terminal faults  

2. Core faults  

3. Tank and transformer accessories faults  

4. On load tap change faults 

5. Abnormal operating conditions 

6. Sustained or uncleared external faults  

 

Transformer protection against winding faults is usually achieved using a differential protection 

scheme complimented with restricted earth fault (REF) protection to provide good sensitivity 

for near earth ground faults detection (Kasztenny et al., 2010; Faiz & Heydarabadi, 2014; Etumi 

& Anayi, 2016). Part of the internal faults is core faults, which are characterised by the 

overheating of the transformer. A buchholz relay for oil cooled transformer, thermocouple, 

temperature sensors, and various monitoring systems are used for fault detection as well as 

protection (Rusov & Zhivodernikov, 2007; Kang et al., 2007; Prudhvi Raj, 2013; Thangavelan 

et al., 2016). In the same line, overvoltage and overcurrent relays running circuit breakers are 

used in addition to fuse for transformer protection against abnormal conditions and sustained 

or uncleared faults (Grabovickic et al., 2012; Mozina, 2006). 

2.5 Distribution network protection 

2.5.1 Introduction  

Electrical power distribution networks are the last mile between power generation and 

customers. From the latter perspective, the distribution network or system is required to deliver 

a reliable, quality, and safe electrical energy at an economic price. Therefore, distribution 

should be properly designed and maintained to prevent the faults that might occur.  
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To ensure the safety, reliability, and quality of the power supply in distribution networks, various 

auxiliary equipment are coordinated to detect and isolate faults that might rise. The 

combination and coordination of monitoring, detecting and isolating devices constitute what is 

called a protection system as shown in Figure 2.14. 

 

 

Figure 2. 14: General structure of a system protection scheme 
(Mccalley et al., 2015). 

 

2.5.2 Monitoring  

In the protection system, current and voltage are the parameters which are monitored for 

detecting abnormalities. Current and voltage transformers are used as measurement tools 

which will feed information to the detecting devices. Also known as measurement transformers, 

CT and VT operate as step-down transformers by bringing down the current or voltage to be 

measured to the level that can be handled by the measuring instrument. Usually a 

measurement range of 5 A or 1 A for current and 110 V or 100 V for voltage is used to feed 

the detecting equipment (Laslo, 2012). Regulated by IEC 60044, CT and VT, either used for 

measurement, control or protection, their main role is to transform high voltage or current 

values to a manageable value for the mentioned application (Bayliss & Hardy, 2012). 

Depending on the application, current transformers should be correctly sized to meet burden 

requirements. Protection CT are mostly accurate for running a batch of indication instruments, 

but it cannot be sustained by the low burden from metering instruments. Connecting low 

burden metering instruments to protection class CT would let high currents run into the 

instruments, and consequently the high thermal stress might damage the instrument. To avoid 
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the situation, an interposing auxiliary transformer is used and arranged such that its saturation 

point is beyond few 10s Amps. Hence for the purpose of protection, the CT appropriate look is 

required for certain characteristics such as, transformer ratio, polarity, frequency, class, 

voltage ratings, current ratings, thermal ratings, and saturation voltage, etc (Ganesan, 2006; 

Fernandes & Santos Mota, 2007; Ferreira& Filho, 2016).  

The role of the voltage transformer (VT) is for the transformer signal to be measured from a 

high value to the value that can be handled by measuring instrument or relays thus isolating 

the metering equipment from high voltage. Two types of VT are in use, the inductive voltage 

transformer and a capacitor voltage transformer. Inductive VT being nonlinear in nature suffers 

from inaccuracy in measurement when subjected to a sudden increase of frequency or fast 

impulse (Lamedica et al., 2016). A capacitive voltage transformer has higher accuracy and find 

application for high voltage classes. It has a simple structure and low cost compared to 

inductive VT (Zhang et al., 2016). 

2.5.3 Faults detection  

The occurrence of a fault in the network is characterised by a substantial change in current, 

voltage and frequency values or magnitudes from the rated or pre-set values. Therefore, it is 

important to detect those changes that might cause damages to the equipment and users. 

Detection is made from measurement taken by monitoring equipment, such as CT and VTs. 

The analysis and decision making out of the information provided by the monitoring system is 

performed by protective relays. The latter can pick between tolerable and intolerable conditions 

for the system. Though a common indicator of fault is the sudden increase in current, other 

parameters can also indicate a fault condition. Parameters such as temperature, impedance, 

phase angle, power and current direction, indicate the health of the network. 

Protective relays are detectors and a decision maker in terms of the protection scheme. They 

have been in use in the power system since the 18th century and have evolved with technology 

(Rebizant et al., 2013; Singh, 2007). As shown in Figure 2.15, early relays were of the 

electromechanical type that evolved to solid-state type, and actual trends is digital or 

microprocessor-based relays (Abdelmoumene & Bentarzi, 2014). Electromechanical relays 

have good precision and high sensitivity; however, the moving part requires time which impacts 

on the fault clearance overall time. The solid-state relays relieved that challenge of operation 

speed and have an additional advantage of reduced reset time compared to electromechanical 

relays. Digital or microprocessor-based relays built on progress made by solid-state relays and 

in additional to their multifunctional nature, reduced installation cost and communication 

capability are aspects that made them popular and powerful tools in the modern power system 

(Aibangbee & Onohaebi, 2015). The capability of digital or microprocessor relays finds 

application in smart grid and renewable energy integration. 
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Table 2.1 shows the feature comparison of protective relays technologies. 

 

 

Figure 2. 15: Evolution eras of protective relays (Abdelmoumene & Bentarzi, 2014). 
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Table 2. 1: Protective relay technology characteristics comparison. 

 
 Relay type 

Characteristics  Electromechanical Solid state        Digital   

Accuracy and sensitivity  Good Very good   Excellent  

Reliability   High Good  Moderate 

Discrimination  Low level Good Excellent  

Multifunction  No  Yes 

Range of settings Limited Wide Vey Wide  

Self- monitoring  No No  Yes 

Speed of response  Slow Fast Very fast 

Metering  No No Yes 

Disturbance immunity High Low  Very low  

Lifetime Long  Short  Short 

Parameter settings  Difficult  Easy Very easy  

Remote operation  No No Yes 

Visual indication Targets, Flags LED LCD 

Event log  No  No  Yes 

Relay Size Bulky Small Compact 

Scada capability No  No  Yes 

Maintenance  Frequent  Low  Low  

 

Various types of relays are used for detection and control in a protection system. Based on 

their performance, protective relays can be classified as (Walter, 2003): 

- Overcurrent relays 

- Overvoltage relays  

- Undervoltage 

- Distance relay 

- Differential relay 

- Inverse time relay 
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- Definite time relay 

- Phase relay 

 

A. Overcurrent relays  

Overcurrent demand in the network is one of the indicators of a fault occurrence in the network. 

Therefore, there is a need for the protective system to pick and act upon the development of 

such a condition. To achieve this, overcurrent relays are used. They are protective relays set 

to operate when the current exceeds a specific magnitude. Measurements taken by the current 

transformer are feed to the overcurrent relay which then compares them to pre-defined values 

and a tripping action will be initiated in case of excess current. 

Three types of operating overcurrent relays are used, namely, the instantaneous or definite 

current, the definite time overcurrent relay (DT), and the inverse time definite overcurrent relay 

(IDTM). Identified as device number 50 by ANSI/IEEE C37.2 standard device numbers, the 

instantaneous overcurrent relay operates as soon as the current crosses the defined value. 

Although referred to as instantaneous, it has an inherited time delay for operation in range of 

milliseconds. Figure 2.16 shows the characteristics of an instantaneous  

overcurrent relay. 

 

Figure 2. 16: Definite (instantaneous) overcurrent relay operating characteristic. 

 

The definite time overcurrent relay, as indicated by the name, operates when the current 

exceeds a certain level for a continuous pre-set time. As the fault occurs the relay will check 

the level of the fault current and how long it stays there, and if both values exceed pre-set 

values the relay will operate to open the circuit breaker. This type of overcurrent relay 

overcomes the discrimination and selectivity short fall of instantaneous relay when used in a 

feeder with small impedance. Definite time overcurrent relays have adjustable pick up current 

and time. Modern relays can combine multiple stages, each one with independent current and 

time settings. They require coordination when used, such that the circuit breaker closest to the 
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fault is operated in the shortest time and the following circuit breaker towards upstream will 

follow in case the first one failed and so on. A definite time overcurrent operates slowly for 

faults closer to the source, which led to the development of the inverse time definite relay. 

Figure 2.17 shows the operating characteristic of a definite time overcurrent relay. It is applied 

as the main protection for outgoing feeders and as a backup protection with time delay for 

transformer differential relay and transmission lines (Baruti, 2017). 

 

 

Figure 2. 17: Operating characteristic of a definite time overcurrent relay. 
 

Inverse time definite overcurrent relay (IDTM) overcomes the slow operation speed issue that 

definite time overcurrent relays face when a fault occurs closer to the source. With this type of 

relay, the speed of operation is inversely proportional to the fault current magnitude. The higher 

the fault current, the shorter the relay operation time. Three characteristic types of this relay 

are available on the market: standard inverse, very inverse, and extremely inverse 

characteristics.  Table 2.2 shows the equation of inverse time definite overcurrent relay 

according to the IEC 60255 standards, and on Figure 2.18 characteristics of different types are 

shown. Pick up settings are calculated using Ir = (I/Is) where Is is a setting, Ir fault current and 

the time multiply settings TMS.  
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Table 2. 2: Inverse time definite overcurrent relay IEC 60255 characteristics equations. 

 

 
 
 

 
Figure 2. 18: inverse time definite overcurrent relay characteristics. 
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B. Overvoltage relay 

Overvoltage phenemenon might rise in the power system due to various reasons such as the 

grounding of the cnductor, the circuit breaker opening, and lighting etc. The overvoltage might 

affect equipment connected and depending on the overvoltage magnitude, their breaker 

insulation can be damaged and the overall performace of the protective devices might be 

affected (V.K. Mehta and R. Mehta, 2008; Surajit et al., 2011). Thus, the protection against 

overvoltage is important. To achieve this, overvoltage relays are used to detect excess voltage 

value to the pre-set settings and operate the circuit breaker to isolate the affected zone. 

Identified as device number 59 by the ANSI/IEC standard, overvoltage relays are fed by 

voltage transformers. They can operate instantaneously or timely-delayed. For the setting up 

of an instantaneous overvoltage relay, the pick up voltage and voltage transformer ratio should 

be specified. For time setting, in case of definite time relay, time dial, inverseness 

characteristics, system and relay voltage are essential. Figure 2.19 shows the characteristics 

of an instantenous overvoltage relay (Sleva, 2009). 

 

 

Figure 2. 19: Instantaneous overvoltage relay characteristic. 
 

C. Undervoltage relay  

Identified as device 27 by ANSI/IEC standards, the under voltage relay operates when voltage 

falls below the pre-set value. It is usually instantaneous but can be used with timers activated 

by instantaneous relay to achieve a time delay. The delay serves to allow the system to ride 

through momentary sags and therefore avoiding unnecessary tripping. For an undervoltage 
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relay set up, the set point or the minimum voltage value for it to trip should be specified as well 

as the ratio of the voltage transformer that is feeding it. Figure 2.20 shows the characteristic of 

an instantaneous undervoltage relay (Hewitson et al., 2015). Undervoltage relay applications 

extend to load shielding scheme, permissible function and timing applications (Kolluri et al., 

2015; Gabba & Hill, 2001). 

 

 

Figure 2. 20:Instantaneous undervoltage relay characteristic(Sleva, 2009). 
 
 

D. Differential relay 

The ANSI/IEEE Standard C37.2 Standard for Electrical Power System Device Function 

Numbers, Acronyms, and Contact Designations identifies the differential protective relay as 

device number 87. Differential relays operate when there is a phase difference between two 

measured identical quantities exceeding a pre-set value. As shown in Figure 2.21, the 

measured quantities by the current transformers are picked from both sides of the protected 

zone or unit. A difference between those quantities indicates a fault, hence the instantaneous 

operation of the relay. It is used as the primary protection for generators, bus bars, and 

transformers. 
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Figure 2. 21:Current differential relay protection(BOOTH & BELL, 2013). 
 
 

E. Distance relay  

Distance relay is a protective relay identified as device number 21 by ANSI/IEC standards. It 

is an instantaneous relay that operates when the impedance of the protect zone (pre-set 

distance along the transmission line) drops below a pre-set value. The protect zone ranging 

from the relay point location to the predetermined point is called reach point. The working 

principle of distance relay consist in calculating the impedance at the reach point using the 

voltage and current measured at that point, the ratio results are compared to the that point 

impedance. In case the measured impedance is less than the pre-defined reach point 

impedance value, a fault presence within the protection zone is assumed and the relay 

operates.  

2.5.4 Switchgear equipment  

The detection of faults and decision of tripping or isolating is done by the protective relays, but 

the isolation action is performed by isolating or switchgear equipment such as isolator 

switches, fuses, and circuit breakers. Moreover, switchgears allow for the isolation and 

interconnection of different part of the network, safe access for maintenance, and service of 

equipment in the network (Pryor, 2003).  

A. Isolator switches  

They are used to open or close circuits in the appropriate way. Isolator switches are referred 

to as device number 89 by ANSI/IEC and IEEE standards. They are meant to open or close 

the circuit under load or no load, however they do not have fault current interruption capability. 

Current interruption by switches is accompanied by an arc between the contact, and the 
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quenching of that arc depends on type of switch in use. Three types of switches are available 

on the market: air-break switch, isolator or disconnecting switch, and oil switch.  

Mostly used for outdoor application air-break switches, Figure 2.22, have underload 

interruption capabilities and are equipped with arc quenching horns. The quenching is 

achieved through lengthening, cooling, and interruption of the developed arc during the 

switching operation Air-breaker switches are utilised for outdoor installation for an industrial 

area substation (Jonsson et al., 2014). Similarly, oil switches have underload switching 

capacity and uses oil as an arc quenching medium. On the other hand, the isolators or 

disconnecting switches operate under no load to isolate a portion of the circuit for safety 

purposes when the circuit breaker repair or maintenance is occurring. They are usually used 

on both sides of the circuit breaker and they are the first to close before the circuit breaker 

(V.K. Mehta and R. Mehta, 2011).  

 

a) Center                                                                b) Vertical  

Figure 2. 22: Air-break switches : (a) Centre V break and (b) Vertical break(SEECO, 2016). 
 

 

Figure 2. 23: Isolator or disconnecting switch (LUNO, 2017). 
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B. Circuit breaker  

The circuit breaker is equipment that serves as a switch for a circuit under all conditions without 

causing injury to itself. It has the capability of closing or opening a circuit under no load, at full 

load, and during fault conditions. Controlled by a relay, it can be operated manually or by 

remote control and automatically on the occurrence of a fault. Circuit breakers are the links 

between the supply and customers, hence, they are required to carry the full load current under 

normal conditions without overheating and can safely interrupt normal condition current as well 

as fault current with minimum delay (Bakshi & Bakshi.M.V, 2009).  

Circuit breakers are classified according to various aspects such as breaking medium, service, 

way of operation, action, control method, mounting method, construction, and contacts. Figure 

2.24 shows circuit breakers classification according to breaking medium and voltage. 

 

 

Figure 2. 24: Circuit breaker classification according to voltage and medium. 

 

C. Fuse  

Differently from the circuit breaker, the fuse combines detection and interruption functions. 

Based on electrical thermal effect, the fuse is a short piece of a conductor or strip that melts 

when excess electric current flows through it for a sufficient time. It is in series with the 

equipment or circuit to be protected. For rated current, the wire temperature stays below the 
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melting point. Short circuit current or prolonged overloading will rise the heating of the wire 

causing it to melt and break the protected circuit (Alexander et al., 2006; V.K. Mehta and R. 

Mehta, 2011)  

2.5.5 Protection coordination 

A distribution network consists of various equipment interconnected from the substation 

transformers to customers. Thus, in the event of a fault all the equipment connected will be 

affected and each equipment unit protection will try to isolate itself from the fault. Therefore, 

an uncoordinated isolation of all equipment, also known as sympathetic tripping, will raise and 

will lead to a complete black out of the system. Hence, the need for the coordination of 

protective devices.  

Protection coordination consists of a combination use of protective relays with an appropriate 

selection of time delays and set points, while also taking into consideration reasonable 

expected errors or inaccuracies. The settings serve as a control mechanism for a circuit 

breaker to operate. The goal of protection coordination is the sequencing of relays 

communication and operation for the fault isolation only in the affected zone. For instance, in 

a distribution network, protection coordination means that the relay closest to the fault point 

will be the one to operate before upstream ones goes into action should the latter fail. Hence, 

containing the outage in the network to the smallest portion as possible. Protection 

coordination is not an easy task, rather is considered as an art that is time consuming and 

difficult (Gers & Holmes, 2004). 

A. Radial network protection coordination 

Radial distribution networks are popular due to their low cost, easy operation, and they require 

a simple protection scheme coordination. Moreover, with this type of network voltage 

compensation techniques can be easily implemented and is easy to analyse. Hence, it is 

adapted for low voltage generation at the load centre (Hossain et al., 2014; Rajaram et al., 

2015). 

For radial distribution networks using overhead lines, like the one shown in Figure 2.25, they 

are subdivided into several protection zones. The substation gateway is considered as the first 

zone and is protected by relayed circuit breakers or reclosers. The latter are also deployed all 

along downstream zones. Single-phases connect from three-phase lines and are protected 

using single-phase reclosers while gang operated-recloser devices are for three-phase lines 

protection. Moreover, time and instantaneous overcurrent relays are used as well as ground 

overcurrent instantaneous and time relays. The overall coordination is achieved through two 

objectives, which is, the setting of protection relays for low pick up of faults at the end of the 

line and setting protection time relay as short as possible to minimize the arc flash. The relay 
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time should be set to be short enough for a fast reaction and long enough for downstream to 

react (Saboori et al., 2015; Fox, 2010; Sleva, 2009).  

 

Figure 2. 25: Simplified one-line diagram radial overhead distribution line (Sleva, 2009). 
 

 

The purpose of the protection coordination in radial newtorks is to ensure that permanent fault 

that might arise on one of the lateral feeders only affects that feeder as shown on Figure 2.26. 

Moreover, the use of fuse and midline reclosers in protection coordination is extensive for long 

feeders. 
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Figure 2.26: Typical coordination of distribution feeder (Sinclair et al., 2014). 
 

 

B. Network Lines protection coordination  

A networked distribution system, as shown in Figure 2.27, offers redundancy in power delivery 

to the customers. Unlike radial networks, the loss of a feeder or a transformer does not cut 

service to customers. The latter can still be served by another network feeder. The network 

design is made such that they can withstand the loss of one or more feeders as well as one or 

more transformers without overloading the rest of the network. The protection of networked 

distribution system is achieved through the use of a high current circuit breaker associated 

with overcurrent relays and reverse power relays. Substations, on the other hand, are 

protected by instantaneous overcurrent relays, timed and instantaneous overcurrent relays, 

definite time or instantaneous ground relays, directional overcurrent relays, and phase relays 

(Haron et al., 2012; Sharaf et al., 2015; Sleva, 2009). 
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Figure 2. 27: One-line diagram of a networked distribution system  
(Sleva, 2009). 

 

2.6 Power system communication 

2.6.1 Introduction 

Power system networks covers a wide area for daily operation communication systems are 

required. It is used for the control, monitoring, and protection of networks through monitoring 

and communication between field devices on the substation or along the network and control 

centre. They are responsible for data transmission from one source to one or many 

destinations, the data generation source ranging from the protection or monitoring device to 

the customer meter. Beside real-time operation of the network, communication systems are 

also used for administrative service by the network operator. Figure 2.28 shows the application 

of communication systems for supervisory control and data acquisition (SCADA) in the power 

system.  
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Figure 2. 28: SCADA system in application for power grid 
(Galli et al., 2011). 

 

Power system automation, restructuring of the power system, and the introduction of 

distribution generation, coupled to today’s trends for smart grid require communication 

systems that meets certain criteria as shown in Table 2.3. Current and future power systems 

rely heavily on communication systems than it has before, therefore, a clear understanding of 

those systems is essential.  

There are different communication systems in use:  

- Cellular radio communication  

- Power line communication systems  

- Packet switched network 

- Optical fibre 

- Satellite communication systems  
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Table 2.3: Basic requirement for communication system in application for power system  

(Wang et al., 2011). 

 Requirements                                       Description  

Network latency Defines data speed within network. Critical parameter especially for event 

driven communication such as protection and control. It dictates time taken 

by the system to pick up and respond to the event.  

Data delivery criticality System should provide means for checking successful delivery of data or 

messages. Depending on application this requirement might be evaluated 

high, medium, and lower. With high level, data delivery confirmation is a 

must otherwise data is resent again till successful delivery confirmed. If not 

at a critical level, there is no need for confirmation rather repetitive 

transmissions are done to ensure delivery to receiving end.  

Reliability System immunity to failure such as time-out, network, and resources 

failures. As communication systems are at the heart of the power system 

operations such as protection, control and metering, any failure would result 

in damage of equipment and personnel, having a huge economic impact.  

Security  System ability to remain hermetic to intruders. As power communication 

systems share the medium with system outsiders. With global issue of 

cyber criminality and power system geographic expansion, the 

communication system should be able to secure information exchange by 

preventing, detecting and isolating any intrusion within the system. Among 

security measures are access control to real time data and control functions 

as well as encryption of data exchanged.   

Time synchronization Depending on applications, various equipment and devices require a 

continuous synchronization. Especially measuring devices such as phasor 

measurement units, control devices such as Intelligent Electronic Devices 

(IED) which have strict tolerance and resolution as they deal will with real 

time data processing. IEEE 1588 defines synchronization time protocol for 

Ethernet networks with Nanosecond accuracy. Time synchronization 

reference can also be gotten from Global Positioning System (GPS) or from 

Simple Time Network Protocol. 

Multicast support The system should be able to communicate with many devices 

simultaneously using a single message. This is important in terms of 

protection coordination where field devices have to talk to each other.  
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2.6.2 Cellular radio communication 

For data transmission, using radio frequency signals, cellular or radio signals technologies are 

used for power system communication. It is based on electromagnetic waves propagation that 

are created by the transmitter at the source and transmitted through the air to the receiver 

area. Radio communication system relies on line of sight and antenna placed at an elevated 

point for transmitter-receiver link establishment (Freeman, 2006; Kalivas, 2009). While radio 

system use a certain frequency for data transmission, cellular technology that is usually 3G 

and 4G use a frequency bandwidth between 824-894/1900MHz with re-use possibility (Gungor 

et al., 2013; Güngör et al., 2011; Grami, 2016). 

2.6.3 Satellite communication systems 

Satellite communication system overcomes the issue of remoteness and absence of line of 

sight that cellular radio communication systems suffer from. It accommodates a wide coverage 

of remote areas such as rural and inaccessible urban areas. It might be an effective solution 

to place a remote station in areas without any other communication infrastructure (De Sanctis 

et al., 2016). Moreover, in terms of installation, they are quick to set up compared to wired 

communication systems. For cost-efficient purposes in case of remote substation monitoring, 

very small aperture terminal satellites services are used (Anthony, 2004). Satellite 

communications systems are also used for global positioning system time synchronisation as 

they can provide better accuracy in range of microseconds as well as be an alternative route 

in events of congestion or interruption in other communication systems at the substation 

(Ziegler, 2004; Usman & Shami, 2013). However, satellite communication systems might be 

subject to long delays in signal transmission and are weather sensible which impact on the 

overall performance of the system (Hu & Li, 2001; Sun, 2006; De Sanctis et al., 2016) On the 

other hand, delay issues are addressed by the use of low earth orbit satellites (Qu et al., 2017).  

2.6.4 Optical fibre 

In use since the 1960s, optical fibre communication systems have better performance 

compared to communication systems using copper (Huurdeman, 2003). Its advantages range 

from high data rate to radio frequency as well as the immunity to electromagnetic, which makes 

it preferable for communication systems in high voltage substations (Awad, 2006). Moreover, 

optic fibre develops less losses over distance compared to wired communications such as 

copper. Thus, it is used for long distance data transmission as it becomes cost-effective in 

terms of the number of signal repeaters required along the line (Essiambre & Tkach, 2012; 

Temprana et al., 2015). 

Although efficient, the installation cost of optical fibre communication systems is still expensive. 

Despite that, it has large bandwidth capacity which allows high rates of data transmission that 
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can go up to 10Gbps if single wavelength, and up to 160Gbps if wavelength division 

multiplexing is used (Richardson, 2016; Jia et al., 2017; Daleep, Singh Sekhon ; Harmandar & 

Malhotra, 2016).  

2.6.5 Packet switched network 

Modern power systems use packet switched communications for monitoring, measurement, 

and control purposes (Chuang et al., 2010). They are computer-based communication systems 

that consists of grouping data into small packets at the source and sending them to the 

destination over computer networks. In this type of communication, both the sending and 

receiving computers are interconnected through the mentioned network and are IP identified. 

For interoperability and data exchange within the network,  open source interconnection 

layered model protocols (OSI) are used (Ibe, 2018). The latter can be referred to as computer 

communication language based. Among those protocols, Internet Protocol (IP) and 

Transmission Control Protocols (TCP) are very important on the network layer level (Mehta et 

al., 2016). The former is responsible for data addressing, which defines the sequences and 

destination of data. On the other hand, Transmission Control Protocols (TCP) deal with data 

delivery and accuracy to the destination which might be within or outside the local network. 

These days, packet-switched communication systems are bases for smart grids and 

automated substation implementation in line with the IEEE 61850 (Harvey, 2016). The latter 

provides to the substation an integration platform for monitoring, protection, measurement, and 

control functions. Moreover, through high speed Ethernet, fast protection applications, inter 

tripping, and interlocking operations within the substation are possible. It is worth noting that 

IEC61850 has extended beyond substation to substation communication, to control, assets 

condition monitoring, operational communication, and synchro phasor measurement 

transmission (Cigre, 2017).  

2.6.6 Power line communication systems 

The concept of using power line as a transmission medium for communication signals 

materialised in the 1910s by George Squier's demonstration of multichannel analogue voice 

signals through a single power line. Also known as wired wireless communication, it uses a 

carrier frequency transmission technique and its development for telephony services was 

started in 1914 by AT&T in USA with its commercial inauguration in 1918. In the same year, in 

Japan, the first test and commercial operation took place and was referred to as wave 

telephony (Schwartz, 2009; Ferreira et al., 2010).  
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Figure 2. 29:Power line carrier communication system(Mork et al., 2005). 

 

The power line communication system shown in Figure 2.29 consists of transmission and 

receiving end line buses, communication signal transmitter and receiver as well as coupling 

systems. Power lines could be alternating current or direct current and signals of PLC are 

injected to the line through the coupling circuit. For an alternating current power line, the 

coupling circuit is responsible for filtering out the main AC voltage signal. A similar process 

happens with the DC power lines carrying communication signals. The DC main voltage signal 

is blocked to only let in the communication signal. 

Initially in 1970 and in the early 1980s, power line communication initially operated in a 

frequency range between 5 and 500 kHz. Later, it evolved to a range from 9 kHz to 30 MHz 

due to some constraints such as power transmitted and distance. Ongoing research is looking 

to expand the frequency up to 500 MHz (Meng et al., 2004; Ferreira et al., 2010; Kale & Patra, 

2015). Based on operational frequencies band power line communication systems can be 

classified as narrowband or broadband. The latter applies to data communication within the 

frequency band from 1.7 to 500 MHz, while the former refers to operational frequency band 

ranging from 0 to 500 kHz (Pinomaa et al., 2015b). Broadband power line communication 

systems are associated with high speed data. 

Power line communication systems are appreciated for providing communication signal path 

without the need to install new wire and cable dedicated to it. This reduces the cost and time 

for implementation of this system. PLC are used for monitoring, control and metering.  

Moreover, banking on the omnipresence of electrical power system infrastructure, PLC can be 

extended for communication services for customers. 
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Among different parts of a power line communication (PLC) system, coupling is essential. PLC 

couplers are devices that inject and extract communication signals into and from electric power 

lines. There are various type of couplers and their classification is usually based on different 

factors such as physical connection, operational voltage level and type, propagation mode, 

frequency as well as the number of connections (Luis Guilherme et al., 2017).Figure 2.30 

below shows a classification of power line communication couplings. 

 

Figure 2. 30: Power line communication coupling classification. 

 

Capacitive coupling consists of a single or series of capacitors in contact with the power line. 

However, these capacitors can be connected through a transformer or not. A transformer 

provides galvanic isolation to the rest of the circuit act as a limiter to transients. It is 

recommended for AC network for high rating voltage networks. It can also be used on direct 

current (DC) network buses (Grassi & Pignari, 2012) and for low voltage direct current (ILVDC) 

as suggested by (Pinomaa et al., 2015a). Transformerless PLC capacitive coupling, on the 

other hand, despite the lack of galvanic isolation, is economic. Both types are shown in Figure 

2.31. A capacitive coupling method for the PLC has the highest power transfer compared to 

other methods (Costa et al., 2015). 

 

 

Figure 2. 31: PLC capacitive couple circuit a) with transformer b) without transformer. 
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Inductive power line communication couplers consist of series or parallel inductor providing 

galvanic isolation between the line and communication equipment. As shown in Figure 2.32a, 

current flows through the inductor which creates an electromagnetic field which in turn is 

induced into the line by Faraday Law. The advantage with this coupling method is that there is 

no need for lockout of the power line during the installation as there is not a direct connection 

between the power line and the communication couples and it has low insertion losses. Serial 

inductive couplers inject communication signals through transformer T1 as shown in Figure 

2.32b, while for parallel or shunt inductive couplers the communication signal current flows 

through toroidal transformer T2 clamped over the power lines (Binkofski, 2005). The core 

material of the toroidal transformer determines its linearity, maximum primary current, phase 

error and amplitude (Kikkert, 2011). 

 

 

Figure 2. 32: AC lines PLC couplers (a) serial inductive coupler and (b) shunt inductive coupler. 
 
 

Resistive power line coupler is shown in Figure 2.33. The main part is the voltage divider that 

brings down the power line voltage to the band pass level voltage for communication signal 

extraction. Thereafter, the pass band signal is amplified for further signal processing. The 

application of this kind of configuration seem to be logical for communication signal extraction 

than injection and fits for narrow band power line communication coupling for low voltage 

networks. However, according to (Swana et al., 2015) though promising, the method has some 

drawback such as earth leakage protection, linearity of resistors at the PLC frequencies, and 

its non-application for transmission.   
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Figure 2. 33: Resistive power line communication coupler block diagram 
(Swana et al., 2015). 

 

Antenna power line communication coupler was the first coupler to be implemented for the 

communications circuit connection to power lines (Schwartz, 2009). It is simple to install and 

operate and has a low cost. As shown on Figure 2.34, antenna couplers are mounted on the 

tower structure under the power lines, and through antenna communication signals are 

induced into the power lines (Boddie, 1927). Antenna coupling are challenged by their 

inefficiency due to communication signal power leakage during coupling to power line, however 

ongoing research investigate the application of antenna coupling for broadband power line 

communication (PLC)(Oliveira; et al., 2013; Oliveira et al., 2016). The antenna coupling can 

be looked at from a different perspective where power lines themselves are considered as 

antenna for radio frequency broadcasting (Emleh et al., 2013; Jordaan et al., 2013). The 

advantages are reduced cost in terms of repeaters and cabling. Furthermore, Jordaan et al. 

(2015) demonstrated the use of low voltage power lines as antenna in Ultra High Frequency 

range 1- 3 GHz.  

 

 

Figure 2. 34: PLC antenna coupling circuit. 
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Power line communications couplers are used at all levels of the power system structure from 

high voltage to low voltage levels (Nguyen et al., 2013). Usually for high voltage applications, 

capacitive coupling is used. They are required to conform to ANSI C93.1 standards of high 

voltage capacitive coupling (ANSI, 1999). Inductive couplers are also used, however, unlike 

capacitive couplings, they are more sensitive to line voltage fluctuations, corona, noise and 

voltage arcing as they lead to core saturation and higher insertion loss (Pighi & Raheli, 2005).  

Standardized in ANSI C93.1, medium voltage power line communication couplers are used in 

a distribution network for data communication for protection, metering, control, distribution and 

interconnecting substations (Papadopoulos et al., 2013). They are subject to high differentials 

voltages between lines and ground. They are required to withstand surge currents without 

mechanical damage that might occur due to short circuit or switching. This leads to the 

requirement for special equipment which makes the coupling more complex and expensive to 

realise (Issa et al., 2004; Cataliotti et al., 2012). 

For low voltage, two lines are used for power line communication, usually a phase and ground 

or neutral. Though safer in terms of voltage rating for the PLC implementation compared to 

high and medium voltage network, PLC coupling in low voltage face challenges due to dynamic 

loads that create emissions in addition to interference from equipment, motors, and other 

inductive loads (Picorone et al., 2010; Andrade et al., 2013). This makes the application of 

power line communication in low voltage network more difficult than in high voltage networks. 

However, low voltage couplers are cheaper and some of their drawbacks such as impedance 

matching can be improved by coupling through the radio frequency transformer. Various 

studies on the application of PLC in motor cables and for low voltage DC networks have been 

conducted in (Kosonen et al., 2010) and (Pinomaa et al., 2015b). 

Power line communication systems for AC networks is a mature subject much like couplers. 

However, with the new trend towards the DC network the application of power line 

communication on them is gaining the interest of researchers (Pinomaa et al., 2014). DC PLC 

couplers are based on the philosophy of AC PLC couplers and have the same physical types 

for connecting to the power line (Wade & Asada, 2006; Grassi et al., 2011; Lobato et al., 2015). 

Power line couplers can be classified according to its operational frequency, low or high 

frequency band. The latter ranges in between 1.7MHz and 500MHz, while the former is 

situated in range from 0 kHz and 500 kHz 
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2.7 Distribution network extension planning  

Since electrical energy has become the backbone of modern society, as the world population 

grows so does the electrical energy demand, leading to the continuous extension and the 

interconnection of electrical power system networks. Besides the social factors associated with 

being connected to the grid, economic and technical factors are also drivers of network 

expansion (Mahmoud 1983; Cossi et al. 2012). The restructure of the electricity market opened 

doors for electricity sales opportunities between regions from the economic perspective, while 

in regard to the technical aspect, interconnections and expansions improved the load factor as 

well as networks reliability by exchanging reserves.  

The network extension goes hand in hand with the geographic extension of cities and load 

centres. Therefore, proper planning to match the continuously increasing demand in cities and 

rural areas is needed. Planning in network extensions provides methods and models for less 

operation investment costs as well as minimal system's reliability costs in the contingency 

events (Lotero & Contreras, 2011; Ault & McDonald, 2000; Fu-min et al., 2012). 

 

2.8 Distribution network extension models and methodology used 

To meet the increasing demand, the power system should be modified and expended in 

adequate technical and financial range. Thus there is the need for fast and efficient economical 

and technical tools for planning the network expansion and modification (Mahmoud & Systems, 

1983; Temraz & Quintana, 1993; Ganguly et al., 2013). The planning looks at various 

parameters such as substation location and size, feeder’s numbers and route, switches 

locations and number, network topology, etc. In doing so, without compromising network 

constraint such as voltage deviation and substation capacity among others, the planner’s main 

objectives are to: 

- Minimize as much as possible the set-up costs of new facilities 

- Minimize the upgrading capacity of the existing facilities 

- Minimize operations cost, like maintenance and losses 

- Maximize the reliability of the system  

These objectives can be expanded on different hierarchies as shown in Figure 2.35. They are 

the mostly adopted by many utilities and they are being upgraded to include sustainable 

development aspect. Before the planning process takes place, an assessment against 

technical criterions such as voltage level, thermal capacity, losses, short circuit capacity, 

service reliability, coordinated protection, harmonics, voltage fluctuation, insulation and 

physical limitations is performed (You et al., 2014).  
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Various planning models and approaches are used to help planners to achieve the above-

mentioned target, while planning for distribution network extension or upgrade. They can be 

classified into 4 groups from a time and structure perspective, namely: 

- static load subsystem planning model  

- static load total system planning model 

- dynamic load subsystem planning model  

- dynamic load total system planning model 

 

 

Figure 2. 35: Hierarchy of distribution network planning objectives(You et al., 2014). 
 

 

However in (Das et al., 2013) the classification is done based on either the models taking into 

account reliability factor or not. Planning that excludes the reliability factor have two 

approaches; planning with or without uncertainty of future load. Similar scenarios for planning 

models considering the reliability factor takes place, where future load uncertainty is 

considered or not, in both case of modelling under normal or contingency conditions.  

The reforms in the electricity market and the introduction of distributed generations have an 

impact on the power system in general and on the distribution network particularly. The classic 

top-down model of the power system is currently evolving to the bottom-up model, with the 

distribution network system becoming more active due to the integration of distributed 

generations (DG). Therefore, planning methods and techniques for network expansion are 

adapting to new realities (Bak et al., 2012; Ault & McDonald, 2000; Grond et al., 2013). 

Among the advantages of distribution generations, from the planning perspective, is the 

reduced cost of feeders, energy loss cost, DG investment and additional operational costs 
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(Ouyang et al., 2010; Wang et al., 2008). However, the Integration of distributed generation 

can have some disadvantages such as increased short circuit levels, load losses, voltage 

transients, probability of congestion in the branches and change in voltage profiles as well as 

the malfunctioning of the protection system (Dulău et al., 2014).The literature provides different 

methods of planning under various conditions. In Hemmati et al.(2015) the methodology 

considers several practical aspects in distribution network expansion such as distributed 

generation, uncertainty, load growth, the electricity market. The dynamic expansion is 

presented and the proposed plan reduces investment as well as the operational costs. Martins 

& Borges (2011) present a model for active distribution systems planning taking into 

consideration alternatives to expansion such as network reconfiguration, new protection 

devices installation, as well as distributed generation. Two methodologies for uncertainty 

incorporation are developed. Sultana et al.(2016) reviewed different approaches for optimum 

location and size of the distributed generation for their efficient utilization. 

The introduction of distribution generation and advancement in information technologies 

opened doors for the smart grid concept (Cecati et al., 2010; Hamidi et al., 2010). The modern 

power systems are equipped with information exchange devices and rely on them for 

operations and planning. Therefore, various research have been conducted to understand and 

find optimum solutions for distribution networks planning in a new environment involving 

information and communication technologies (Mohtashami et al., 2016). Information and 

communication technologies are of great importance in the power system in general and 

distribution network expansion planning, as it contributes to load data gathering which is the 

starting point for any planning activity.  

2.9  Challenges to distribution network extension  

Distribution networks being part of the power system network have same challenges as the 

latter in terms of planning. Although there have been successful research on various network 

expansion techniques and models, power system expansion still experiences challenging 

issues inherent to its large scale and complexity (Grond et al., 2012; Lumbreras & Ramos, 

2016). 

The restructuring of the electricity market increased the challenges that network planners face 

when it comes to network expansion (Fox-Rogers & Murphy, 2014). Liberalization of the 

electricity sector from monopoly and vertically integrated public companies, development and 

integration of renewable energies brought in many stakeholders and various factors that 

should be taken into consideration by planners for the expansion. Besides the fact that 

planners rely on existing conditions in the network, especially for distribution networks 

expansion, they are forced to accommodate distributed generations injected in the distribution 
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network which sometimes are not even designed to be active. That is the result of multiple 

divergent interests of involved stakeholders. Therefore there is a need for a comprehensive 

multiple objective planning approach that can accommodate all stakeholders interests (Lai et 

al., 2011; Piccolo & Siano, 2009).  

Apart from technical and policy challenges, the expansion of distribution networks also suffers 

due to the high financial investment required. In a deregulated market driven by the profit 

making the question  will be, who will pay or what will be the price of electricity for new 

customers in order recover the investment (Lassila et al., 2007). At the end, the decision for 

network expansion towards new customers depends on the ability for the distribution network 

operators to get the necessary financials for it and on the customers’ ability to afford electricity 

price that will make enough return on investment.  

2.10 Distribution network extension in Africa 

Electrification rate is proportional to economic development, therefore the access to electricity 

in sub-Saharan Africa is still low. Governments on the continent are striving for the increase of 

electricity access to people (Winkler et al., 2011; Wolde-Rufael, 2006). Access to electricity 

changes lives in the places connected, by opening the door for various business opportunities, 

improving their daily life, and saving the environment (Panos et al., 2016; Grimm et al., 2013). 

For this reason, the electrification rollout observed across the continent aims for millennium 

sustainability goals achievement. 

The current status of the electricity market in Africa vis a vis to the electricity market 

deregulation models is still a single buyer model (Eberhard, 2000; Gentzoglanis, 2013). As the 

utility is mostly state owned, it is common that there is a monopoly on the transmission and 

distribution network. The liberalization and competition is only on the generation level, where 

independent power producers have a single buyer which is the utility (Jamasb, 2006; Trotter 

et al., 2017).   

Therefore, since the transmission and distribution is utility owned, the utility oversees 

operation, maintenance and expansion of the grid. A closer look on the distribution network 

coverage shows that urban and peri-urban areas are the most connected to the grid compared 

to rural areas. However, even connected areas suffer from poor reliability service due to the 

aging of equipment and ongoing demand growth (Onyeji et al., 2012; IEA, 2016). The utility is 

expected to handle maintenance and address system inefficiency all at once. 

Poor performance affects utilities financial revenues, which in turn weakens its ability to 

maintain, reinforce, upgrade and expand the network. Hence, the low rate of electrification, as 

the cost of the distribution network expansion would be too high for the utility to raise enough 
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capital and for the customers to afford the effective price for an acceptable return on 

investment.  

Moreover, as mentioned in (Othieno & Awange, 2016), settlements structure in rural Africa are 

scattered over vast areas, which makes the expansion of the distribution network to individual 

settlements or households too expensive for the utility to invest in. Additionally, the tariff or 

price of the electricity would be high to be afforded by customers there. However, as developed 

in(Parshall et al., 2009), a case study in Kenya, which can be related to majority of sub-

Saharan countries, attempted to determine the least costly electrification approach and 

technology showed that grid expansion is more economical than off-grid solutions.   

In terms of a network expansion approach applicable to Africa, especially rural areas, Blyden 

suggests a bottom-up approach “Olympic ring” in which grid connection is anticipated through 

the interconnection of microgrids. However, no technical research on the latter approach within 

the African context has not yet been done.  
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2.11 Conclusion  

This chapter reviewed the electrical power system structure and operation. It focused on 

distribution network operation and protection. Equipment involved and the actual principles 

and new trends in terms of protection, different communication systems used in daily operation 

of distribution network and power system in large are also presented.  

The network extension planning and challenges associated with it, have been also reviewed. 

Technical challenges such as the incorporation of distributed generation into the networks that 

were initially designed to be passive and its effect on protection system are reviewed. 

Furthermore, distribution network extension in Africa have been discussed, and it was found 

that the financing is the main challenge on the network extension for both the utility and the 

consumers. Idea of grid extension based on bottom up approach using “Olympic ring” microgrid 

interconnection in anticipation of grid connection is in line with this study intermediate low 

voltage direct current systems interconnection system for sparse electrified areas.  

. 
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CHAPTER THREE 
LOW VOLTAGE DC IN DISTRIBUTION NETWORK 

 

3.1 Introduction 

The DC systems were used in the beginning of the power industry before being overtaken by 

the AC systems due to the lack of mature technology of DC at the time. Currently, with the 

development of advanced technologies in power electronics, DC systems are back again with 

a lot of advantages exploitable in transmission and distribution networks. Specialized 

applications such as telecommunication systems (Gruzs & Hall, 2000), electric vehicles (Tabari 

& Yazdani, 2014; Kumar & Revankar, 2017), shipboard systems(Shen et al., 2012; Maqsood 

& Corzine, 2017) and traction use DC systems.  

In a transmission network for extensive and bulk power, high voltage direct current is preferred 

over high voltage alternative current as it is more economical and efficient. High voltage direct 

current is also used for the interconnection of asynchronous networks and the integration of 

renewable energy into the grid (Kalair et al., 2016; Khazaei et al., 2018).  

Direct current systems are used in wind farms for the interconnection of different turbines 

spread on site. As the turbines all over the farm are not turning at the same speed depending 

on their location on the site, different voltages are generated, which requires a collection 

system that considers these variations in voltage. On the other hand, DC systems are used in 

commercial and residential housing. The concept, enabling technologies and motivations are 

presented in Rodriguez-Diaz et al., (2016) .The feasibility analysis of low voltage distribution 

system and issues regarding the design of the system as well as the economical comparison  

discussed in (Fregosi et al., 2015; Sannino et al., 2003) which concluded DC supply being an 

advantage in terms of safety, reduction of electromagnetic fields and improvement of power 

quality if a proper voltage level is chosen. Table 3.1 shows the DC system characteristics in 

terms of power, voltage and applicable distance.  

Table 3. 1: DC systems characteristics (Mesas et al., 2015). 

 LVDC MVDC HVDC 

Power (MW) < 0.1    0.1 -  250 >250 

Voltage (kV) 0.12 – 1.5 1.5 - 30 30 - 600 

Cable length (km) < 10 10 – 100 >100 

Note: The cable lengths are reference values  
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3.2 DC systems categories  

3.2.1 High Voltage DC systems 

High voltage direct current systems operate in a range of 30 kV to 1100 kV (Rongsheng, 2017). 

They are mostly used in transmissions of bulk power over long distances to the load center, 

where the HVAC transmission systems would be economically inefficient due to the losses in 

the lines and consequently the required high amount of the lines needed to overcome that 

issue. The previous high voltage DC systems are thyristor based (Owen, 2009). 

HVDC systems can also be found in applications in which connects two HVAC networks. In 

this case, the HVDC network is called the back-to-back station and is used for the coupling of 

the AC networks with different frequencies and/or different phase numbers (Bahrman & Brian, 

2007). Different configurations and operation modes of HVDC that are in use today are shown 

in Figure 3.1. 

 

Figure 3. 1: HVDC configuration modes (Bahrman & Johnson, 2007). 

 
The most used configuration for modern overhead HVDC transmission lines is bipolar with a 

single pole at each terminal. A bipolar is a combination of two poles which shares a common 

return or ground. This configuration is also preferred in case of failure of one pole, as half of 

the power may still be available through monopole operations. For a normal balanced 

operation, there is no earth current.  

Emergency ground or earth return operation can be minimized during monopole outages by 

using the opposite pole line for metallic return via pole and converter bypass switches at each 

end. This is valid during converter outages as well as during line insulation failures where the 
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remaining insulation has strength to withstand the low resistive voltage drop in the metallic 

return path. In a power pool with bulk power HVDC transmission above ± 500kV, variations of 

bipolar operation, like series connected converters, are performed in order to avoid the energy 

unavailability for individual converter outages or partial line insulation failure (Oni et al., 2016; 

Sood, 2011) 

3.2.2 Medium Voltage DC systems 

a. Introduction 

Medium voltage direct current systems operate in a range of 1.5 kV to 30 kV(IEEE, 2010; 

Qawasmi et al., 2017). Medium Voltage Direct Current (MVDC) stands as an interface between 

the transmission and distribution networks, the direct supply of power needed in industrial 

areas or to different plants (Gecan, Chindris, & Pop, 2009).  

MVDC were also designed for the integration of renewable energies, energy storage system 

into transmission and the distribution grid (Gregory, Brandon, & Zhi-Hong, 2012). Figure 3.2 

shows a MVDC system with different applications in networks, from the interaction between 

transmission and distribution, the distributed units' integration, to industrial and residential 

networks. As can be noted, converters are the heart of the system and therefore must 

withstand disturbances that may occur in the network. 

 

 

Figure 3. 2: MVDC system for industrial and residential areas (Gecan, Chindris & Pop, 2009). 
 

b. Opportunities and challenges  

Various authors have researched the sustainability of using Direct Current (DC) for power 

delivery in low and medium voltage distribution networks. In (Nilsson & Sannino, 2004) a 

comparison of a DC and a mixed AC-DC network system efficiency is performed. Results show 

that the DC network system has less losses compared to a mixed AC-DC network system. The 
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DC system is more efficient than the AC-DC system, under provision of using low losses 

semiconductors and less conversion stage(Shivakumar et al., 2015). The implications are that 

with few losses within the system, less electrical energy that matches the demand is produced 

as the compensations for losses are minimized. 

Medium voltage DC systems will be needed for future distribution networks as the grid is in 

transition from what it used be to the current integration of renewable energies generation. 

Furthermore, the AC network systems have limited energy storage capabilities, no quick 

response, and little automation (Stagge, 2014).  

The use of the medium voltage DC network system in urban areas is sought due to various 

technical and performance such as the ability to integrate distributed generation and energy 

storage system that it inherits. As majority of household loads are power electronics-based, for 

example TVs, LED lights, computers, communication equipment, and security equipment, the 

idea of the DC home was developed to reduce the conversion step involved within loads (Iyer 

et al., 2015; Stieneker, 2016). On the other hand, a medium voltage DC distribution system 

can improve the overall efficiency in supplying DC homes by reducing the conversion steps 

involved, full utilisation of conductors, and increased transfer capacity of the network (Bathurst 

et al., 2015). 

Furthermore, the MVDC network system can be used in enhancing the distribution network by 

increasing its transfer capability and improving the power quality. Moreover, the fact that the 

system has fully controlled converters, unlike the medium voltage AC system (MVAC), it can 

thus be used for network stability and for distributed generation integration. The 

interconnection of two feeders with different load factors, increasing the network capacity while 

maintaining the fault voltage level and deferred reinforcement of the networks are amongst the 

opportunities that the medium voltage direct current systems offer. 

MVDC can also be used for substation reinforcement in case increased power transfer is 

needed, on the one hand, but on the other hand, the up rating of cables and transformers is 

challenged by the cost. In that case, the MVDC can be used as “Soft Open Point” configuration 

as shown on Figure 3.3, which is basically a back-to-back converter configuration. 

 

Figure 3. 3: 12 MVA/11kV Soft Open Point formed with back-to-back converters  
(Bathurst et al., 2015). 
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This configuration improves power balancing and reliability at the heavily-loaded substation 

while keeping fault voltage levels in the detection range of protection devices. It also helps the 

overall system or network to overcome potentials differences in phase-angle for multi feed 

medium voltage substations. In addition, with converters controllability, Power control of each 

phase flow is possible, thus phase loading balance can be achieved and in turn a better usage 

of network capacity (Bathurst et al., 2015; Chiandone et al., 2014; Long et al., 2016).  

The MVDC system application for distribution electrical energy in urban areas, as well as its 

efficiency and investment cost vs a medium voltage AC system for the same application have 

been analysed in (Stieneker, 2016) and a comparative evaluation between conventional 

medium voltage AC distribution network and MVDC implementation approaches is made. It is 

found that DC distribution has several advantages in terms of less losses and less conduction 

materials. On 6,6kV AC and ± 5kV DC medium voltage grids used for example for investment 

cost and aluminium and copper as conducting materials, the author results in Figure 3.4 which 

shows that, using low voltage AC (LVAC) networks as a basis, total the MVDC costs is cheaper 

than LVAC at a range of 43% despite a minor high investment of 6,6% vis a vis of LVAC 

investment cost. Therefore, the MVDC distribution network for urban areas is more 

economically viable than the other system.  

 

 

Figure 3. 4: Comparison of the investment and operation costs  
(Stieneker, 2016). 
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c. Faults and protection aspect 

The main challenge that faces MVDC network systems, which is also similar for all DC 

networks system, is the protection issue (Ouroua et al., 2009). The arc quenching issue 

resulting from current breaking by the circuit breaker is more challenging for the DC system 

than an AC system, since unlike the nature of AC which has inherent zero crossing, DC 

provides a constant current. Hence, AC sophisticated protection equipment cannot be applied 

in DC networks. Moreover, the nature of the DC fault current rise-time is very short to be 

detected by AC protection equipment currently on the market. This fast rise of fault currents 

results from the fact that in the instant of fault occurrence, capacitors in the circuit immediately 

discharge and feed the fault point.  

The fast rise of a fault current at the beginning of the fault can be illustrated with the circuit on 

Figure 3.5. The occurrence of a fault, F1, on the DC network corresponds to a sudden 

discharge of the capacitor C into the network, thus contributing to the fault. The discharge 

current is governed by the Equation 3.1 with the initial rate of change depending on the 

capacitor voltage prior to the fault occurrence and on the inductance of the fault path. The 

network has been developed and characteristics analysed in (Fletcher et al., 2011), with F1 

and F2 faults located 5 meters and 30 meters respectively from the grid converter and with 

fault impedance values of 1 mΩ for short circuit and 500 mΩ for arc fault respectively. Results 

from the simulations are shown on Figure 3.6. The current rate of change (
𝑑𝑖

𝑑𝑡
) decays fast for 

high impedance faults and the initial rate of change (
𝑑𝑖

𝑑𝑡
)  depends also on fault location and is 

the same for both resistances.   

 

 

Figure 3. 5: Equivalent circuit for the faulted network  
(Fletcher et al., 2011). 
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          Equation 3.1 

 

Figure 3. 6: MVDC Network di/dt fault response: for 1mΩ (left) and 500mΩ (right) faults at F1 
(solid) and F2 (dotted) 
(Fletcher et al., 2011). 

 

In the DC system, there exists mainly two types of faults: line-to-line faults and line-to-ground 

faults. Converters internal switch faults might cause line-to-line faults; however, they can be 

cleared, and the unit must be replaced. To protect the converter from that terminal faults fuses 

are used.  

Various techniques are used for faults detection such as current differential detection method, 

rate of change of the voltage detection method, directional change of current with a comparison 

method, grounded point current detection method, line charging current detection, and the 

measurement of DC line resistance (Hamilton & Schulz, 2007). As mentioned, the quick rise 

of fault current rate of change makes the use of AC equipment already on market inappropriate 

for DC protection. Hence, the development of appropriate DC equipment such as ultra-fast 

hybrid DC circuit breakers and protection scheme to associate with AC equipment for improved 

protection (Elsayed et al., 2015; Monadi et al., 2015). 



61 
 

Medium voltage DC circuit breakers are a key part in the implementation of the MVDC network 

system (Barnes & Beddard, 2012), hence, the continuous research for improved and cost-

effective circuit breakers. Three categories of the MVDC circuit breaker are available on the 

market: mechanical circuit breakers, solid-state breakers, and conventional hybrid circuit 

breakers. Mechanical circuit breakers use moving contact to interrupt the current flow, which 

causes the arc formation that needs to be quenched. Various arc quenching techniques are 

used such as air arc chute, vacuum, Sulfur hexafluoride (SF6) for low voltage DC currents and 

passive and active resonance circuits. Mechanical MVDC circuit breakers suffers from the low 

operation speed between 10-100msecs. On the other hand, solid-state circuit breakers are the 

quickest as they are able to interrupt the DC flow within 100μsec, but they have high on-states 

losses. Hence, the development of the conventional hybrid circuit breaker as they combine 

characteristics of both mechanical and solid-state breakers, fast and low on-state losses. 

Research is still ongoing and new technologies start emerging, amongst them are the general 

hybrid DC circuit breakers, proactive DC circuit breakers, hybrid circuit breaker with 

commutation booster, DC circuit breaker using a superconductor for current limiting, and the 

superconducting hybrid circuit breaker(Pei et al., 2016). The idea is to improve the operation 

time while keeping on-state losses as low as possible. A comparative analysis of the available 

technologies is shown in Table 3.2. 

 

Table 3.2: DC circuit breaker technologies comparison(Pei et al., 2016). 

Type Advantages Disadvantages 

Mechanical circuit breaker - Low contact resistance  - Slow operating speed 

Solid state circuit breaker  - Ultra-fast operation  - High on-state losses 

Conventional hybrid circuit 
breaker  

- Low losses  
- Reasonable operation 

speed  

- Current commutation relies 
on the arc voltage 

Proactive hybrid circuit 
breaker  

- Fast operation 
- Reasonable efficiency  

- On-state losses in load 
commutation switch 

Hybrid circuit breaker with 
commutation booster  

- Faster operation with 
high rate of rise of the 
fault current  

- Losses in the coupled 
inductor  

DC circuit breaker using 
superconductor for current 
limiting  

- Low losses  
- Inherent fault current 

limiting 

- Self-oscillation circuit 
needed for the mechanical 
switch.  

- Cryogenic system required. 

Superconducting hybrid 
circuit breaker  

- Low losses  
- Fast operation 

- Cryogenic system required 
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d. MVDC converters  

Converters are important components of the MVDC distribution network. The difference 

between them and those used in low voltage can be seen in the voltage ratings they can 

handle. Different conversions are done depending on the types of converters involved: AC-

DC, DC-AC, AC-AC, DC-DC converters. They are also classified according to their topology, 

operation, power flow direction, and voltage levels. Figure 3.7 shows a classification of DC-DC 

Voltage Source Converters per configuration; VSC are used in a MVDC system due to their 

controllability. For high and medium voltage, multilevel converters are used. Converters are 

essential components in MVDC networks hosting distributed generation and energy storage 

units; DC-DC buck boost converters, in this case, are operated in bidirectional mode.   

 

 

1. Two-level converters 

Based on two levels half-bridge circuits as shown in Figure 3.8, a three-phase half-bridge with 

six valves, each switch is a combination of an IGBT and an antiparallel diode. The converter 

is named as two-level since it provides voltage levels as positive and negative 𝑉 2⁄  to the AC 

side depending on which switches group is on. Moreover, a parallel connection of two half 

bridge on DC side will make a two-level full bridge converter, known also as H-bridge converter. 

The advantage with this connection is that the output voltage on AC side will be twice of a half 

bridge. Pulse Width Modulation (PWM) method is used for switches control. 

Figure 3. 7: Classification of Voltage Source Converters per configuration(Shri et al., 2012). 
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                      Three-phase two level VSC                            Three-phase two level VSC symbolic 

Figure 3. 8: Two level three phase VSC. 

 

2. Multilevel converters 

Multilevel inverter technology has emerged recently as a very important alternative in high-

power medium-voltage energy control. Multilevel converters consist of semi-conductor arrays 

and DC source voltages combined to fulfil voltage and current requirements that cannot be 

achieved by a two-level converter. Coordinated commutation of semiconductors allows for the 

addition of DC source voltages, which in turn generates different high voltage levels on AC 

side without damaging semiconductors which are rated for less voltages. Multilevel converters 

have a better performance in comparison to two-level converters and have a more complex 

control which makes them expensive (Bose, 2009; Khomfoi & Tolbert, 2011b). 

There are three topologies used in multilevel converters (Rodríguez et al., 2002; Peng et al., 

2010):  

- The H-bridge-based multilevel  

- The diode-clamped multilevel  

- The capacitor-clamped multilevel 

 

H-bridge-based multilevel converters 

The H-bridge multilevel, Figure 3.9 also known as cascaded H-bridge multilevel, consists of 

multiple converter modules connected in series with several DC sources isolated from each 

other. Each level can supply three different DC voltage levels output: +V/2,0 and -V/2. The 

number m of voltage levels output per phase depends on the number n of DC sources 

connected: m=2n+1. Hence, the more DC sources or modules the converters have, the higher 

the number of voltage levels it can generate at the outputs. In this way high voltages can be 

achieved (Nami et al., 2015)  
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Figure 3. 9 : H-bridge based multilevel converter diagram (Amirnaser & Iravani, 2010). 
 
 

Diode-clamped multilevel converters 

Diode-clamped also known as Neutral Point Clamped (NPC) multilevel configuration is a 

modification of a two-level converter with an addition of diodes to maintain the DC source 

voltages, which allows for it to have different steps in out voltage. Diodes balance out voltage 

stress between switches (Rodríguez et al., 2002). It is associated in series to achieve more 

voltage steps which, in turn, results in a sinusoidal output voltage. This configuration was 

introduced in 1981 by Nabae, Takashi and Akagi. On Figure 3.10 (a) and (b) are respectively 

shown topology diagrams of a three and five-level diode-clamped converter. Currently, six and 

above level diode-clamped converters are available on the market (Colak et al., 2011; Gayathri 

Devi et al., 2014). The fact that the mid-point voltage is taken as a neutral point is the reason 

behind the name Neutral Point Connected (NPC) converter. 
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Figure 3. 10: Diode-clamped multilevel converter schematic diagram  
(Bindeshwar et al., 2012). 

 

The challenge with diode-clamped converters rises from control circuit complexity and cost, as 

the requirement for a high-quality output voltage closer to sinusoidal waveform requires more 

levels and therefore more devices. As for a certain number of level N, (n-1) voltage sources or 

capacitors, 2(n-1) switching devices and (n-1) (n-2) diodes are required (Gupta et al., 2016) 

Capacitor-clamped multilevel converter 

Capacitor-clamped converters shown in Figure 3.11 are another topology of multilevel 

converters which is also known as flying capacitor converters, with independent capacitors 

clamping the device voltage to one capacitor voltage. This kind of circuit involves capacitors 

of a large size, which reduces the size of filters. For an m level converter, (m-1) (m-2)/2  

clamping capacitors are required per phase in addition to (m-1) main capacitors (G. P. Adam 

et al., 2011; Barghi Latran & Teke, 2015). This is valid on the condition that each capacitor has 

the same voltage rating as the main capacitor at the DC-bus. Capacitor-clamped multilevel 

converters are suitable for high power and voltage applications to replace the cascaded 

multilevel converter in order to reduce the number of separate DC sources (Khomfoi & Tolbert, 

2011a; Mittal et al., 2012). 
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Figure 3. 11: Capacitor-clamped multilevel inverter circuit topologies (a) Three-level (b) Five-
level 

(Gupta et al., 2016). 
 

3. Multimode converters 

The main challenge in applying converters to medium and high voltages is the power handling 

limitation and on-state losses of switches used. Therefore, combinations of switches in series 

and parallel are used to overcome voltage/current requirement. However, even those 

combination, called valves, have limitations such as form factor, unequal-off state voltage 

distribution, and simultaneous gate requirements. To overcome this challenge, individual small 

power converters are added up in series and parallel combination to achieve the required 

power. Figure 3.12 shows a combination of N identical converter modules connected in series 

and parallel respectively to their AC and DC busses. A variant connection can be seen in 

Figure 3.13 with series connection on both the AC and DC side. To achieve the desired output 

voltage on the AC side, voltage transform are added up. For both configurations in Figure 3.12 

and Figure 3.13, modularity is evident. Identical modules and transformers are combined, 

which makes it easy for maintenance, repairs, and also reduces the cost of spare parts.  
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Figure 3. 12: Multimodal VSC diagram with parallel N two-level modules (Amirnaser & Reza 
Iravani, 2010). 
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Figure 3. 13: Multimodule VSC composed of N two-level VSC modules in series.  
 

Multimodule configuration offers the possibilities of harmonic reduction through phase shift 

switching of modules and open transformers. The harmonics reduction allows converters to 

operate at low switching frequency, which in turn contributes to low switching losses and 

decreased the need for low frequency harmonics filters (Ilves et al., 2012; Grain P. Adam et 

al., 2011; Gawande et al., 2017)  
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3.3 Low Voltage DC systems 

The idea of low voltage DC systems in the distribution of electrical power is not new, as in the 

beginning of the electricity era, in 1880s the power was distributed using DC voltage 

systems(Kalair et al., 2016). At the time the electricity was generated and transmitted in low 

voltage DC current form, which required the generating units to be closer to the load centre in 

order to cut down the high dissipative power losses in lines. This system invented by Thomas 

Edison had to concede to the Nikolas Tesla’s alternative current system for power transmission 

and distribution. The AC system with its ability to transmit high voltage had overcome the 

transmission distance limit faced by DC system at that time. However, with the technological 

evolution and precisely the invention of grid-controlled mercury arc valve in the 1912; The DC 

transmission system idea was resuscitated. In 1954, Moscow–Kashira HVDC transmission 

system was put in service. Later inventions in semiconductors such as thyristor, transistor and 

others switch used in converters, contributed to the maturity of DC systems as know 

nowadays(Peake, 2009; Tiku, 2014). The basic of a low voltage direct current distribution, as 

presented in Figure 3.14, consists of transmitting power to the end-user using the DC voltage 

instead of the AC voltage as usual. The power from transmission lines is transformed before 

the conversion from AC to DC voltage. The distribution of power to end-users is using low 

voltage DC which is converted back to AC by the end-user's individual converter(Peltoniemi & 

Partanen, 2015)  (Salonen, Kaipia, Nuutinen, Peltoniemi, & Partanen, 2008). LVDC based 

distribution systems has advantages such as a high transmission capacity compared to the 

AC(Kaipia et al., 2017; Yong et al., 2013). The high transmission capacity depends on the 

voltage level used as well as the LVDC configuration used. In Salonen et al. (2008) the main 

configurations of LVDC systems into distribution are presented as unipolar and bipolar 

configurations. The latter seems to be the most advantageous, as with it more power can be 

transmitted and in terms of redundancy with the loss of one pole the power would still be 

available through the remaining pole.   

 

 

Figure 3. 14: Basic low voltage direct distribution system configuration. 
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3.4 LVDC voltage standards  

The boundaries for low voltage and high voltage levels are well defined by engineers, therefore 

the standards and products. On the other hand, the medium voltage demarcation seems to be 

difficult in comparison as various electrical environments and applications are considered. For 

the IEEE 1585-2002 for medium voltage for electronic devices in application for voltage 

fluctuation compensation, the medium voltage ranges from 1 kV to 35 kV in AC; while NECA 

standards 600-2003 for medium voltage cable installation and maintenance defines the 

medium voltage range as 600 V to 69 kV. IEEE standard 1709-2010 defines recommended 

practice for ship MVDC power system in range from 1 kV to 35 kV DC (Reed et al., 2012).E.U 

directive, LVDC 72/23/EEC, on low voltage (E.U, 1973) defines the operation range of low 

voltage DC systems as below 1500 V. 

Previously used in telecommunications systems on ships and electrical vehicles(Elsayed et 

al., 2015); low voltage DC systems show a great potential for application in power distribution 

in near future(Kaipia et al., 2016). This is due to the development in power electronics that 

resulted in an exponential increase of electronic equipment in households and offices. Many 

equipment works on different parameter levels compared to that supplied from the grid, either 

in frequency or voltage and current magnitude. Hence, the need for voltage level change. 

However, the conversion process has a huge impact on the quality of the supplied power after 

those changes and is a challenge. To overcome this, the use of DC voltage instead of AC 

voltage as a supply source is seen as one of the ways to reduce the cost and losses involved 

in the transformation process (Mackay et al., 2017). 

 

3.5 Converters 

They are the main components of the system as they interface AC to DC on the supply side 

and vice versa on the end-user side. They are required to regulate the voltage on the DC side, 

provide high power quality with low losses, as well as have bidirectional flow capability in case 

of an active distribution network, and serve as protection in fault and disturbance conditions 

etc. 

Different types of converters that might be used, depending on the nature of the distribution 

network, are: Diode Rectifier based converters, Voltage Source Converter (VSC), Three-Level 

Voltage Source Converter, and Voltage Source Converter with DC/DC Buck Converter 

(Nilsson, 2005). For sufficient quality output voltage at the end-user side, the converter filtering 

techniques used are LC and LCL (Nuutinen, 2007). 
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a) Diode Rectifier based converters 

These are simple diode rectifier bridges with one functionality, rectification from AC/DC. They 

can be designed for single and three phase connections.  

Figure 3.15 shows a three-phase diode rectifier topology, as can be noted, the output DC 

voltage is not controlled and an increase on load side results in a voltage decrease and 

therefore, a poor power factor on the load side. The converter generates high quantities of 

harmonics. An addition of controllable devices can give the converter the additional 

characteristic like buck or boost converters, shown on Figure 3.16, with voltage control and 

power factor correction (PFC) capability. 

 

Figure 3. 15: Three-phase diode rectifier.        Figure 3.16: Three-phase diode rectifier with PFC. 
 

 

b) Voltage Source Converter (VSC) 

With the voltage source converter, power can flow in both directions from or towards the 

networks and the power factor is controlled. This bidirectional power flow ability is sought 

specially for active distribution networks. Based on high switching devices, the VSC generates 

harmonics thus the need for filters to be installed between the converter and the AC network. 

Figure 3.17 shows a two level VSC with a transformer. The transformer steps down the AC 

voltage to the converter voltage level and serves as isolation between AC and DC sides; and 

finally acts also as a filter.   
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Figure 3. 17: Two-level Voltage Source Converter. 

 

 Various types of VSCs are in use today alongside two-level VSCs, namely three-level and 

five-level converters. The three-level VSC on Figure 3.18 provides two controlled DC links, 

positive and negative, rather than one as in the case for a two-level VSC. With the three-level 

VSC converters it is possible to maintain a balanced DC voltage and improve overall harmonic 

performance. In order to optimize the DC output voltage controllability, converters can be 

connected in series.  Figure 3.19 shows a series connection of a two-level VSC with a DC/DC 

buck converter, where the output voltage is controlled by the buck converter and can vary on 

a large range. Bidirectional power flow is also possible with this configuration. 

Figure 3. 18: Three-level Voltage Source Converter. 
 

Figure 3. 19: Voltage Source Converter coupled with DC/DC Buck converter. 
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3.6 Control and protection for LVDC distribution systems  

a. Introduction  

The control of power flow and protection are crucial for LVDC distributions as it is for any power 

system network. DC networks introduces new kind of faults as well as other challenges in 

comparison to AC networks. The lack of natural current zero is the most challenging issue for 

the protection of LVDC distribution systems and of DC systems in general. The requirements 

for any DC protection system are high speed, good performance, and to be economical and 

simple (Cuzner & Venkataramanan, 2008). 

Two types of faults mainly encountered in the DC system are:  

- Short circuit between positive pole and negative pole also known as line-to-line fault. 

- Short circuit between positive pole or negative pole to ground also known as line-to     

     ground fault. 

Line-to-ground fault are the main kind of faults usually found in distribution systems and their 

damaging effect is high compared to the line-to-line faults. In addition to the above-mentioned 

faults, there are also power converter internal switch faults which might result as line-to-line 

faults. These types of faults are clearable as they are on terminals, hence the use of the DC 

fuse to prevent the AC side circuit breaker to trip (Jahromi et al., 2015) The switch should be 

replaced afterwards. 

b. Fault analysis in LVDC system 

DC networks require a high filtering capacity to attenuate the DC voltage harmonics generated 

by converters. On the other hand, converter capacitors contribute to the fault current, in case 

of a short circuit onto the DC bus; hence creating overheating and malfunctioning of switches 

and circuit breakers (Baran & Mahajan, 2006). 

In general, LVDC networks integrate the AC network through the converter, mainly by fully 

controlled converters such as IGBT based VSC converters for its ability in terms of active and 

reactive power flow control. In the occurrence of a fault on feeders, converters switches are 

blocked in a self-protection attempt. At the same time, the filter smoothing capacitor reacts as 

a DC voltage source. As shown in Figure 3.20, it will feed high transient current exponentially 

decaying at a rate given by Equation 3.2, till complete discharge of the capacitor initially charge 

according to Equation 3.3 (Yang et al., 2010). 
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Figure 3. 20: Equivalent circuit of faulted DC feeder: (a) Capacitor discharge current 
contribution (b) Anti-parallel diodes fault current contribution 

(Emhemed & Burt, 2014). 

 

𝑖𝐶 = 𝑐
𝑑𝑉𝐶

𝑑𝑡
= −
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ⅇ−𝛿𝑡 sin(𝜔𝑡 − 𝛽) +

𝑉0

𝜔𝐿
ⅇ−𝛿𝑡 sin 𝜔𝑡                Equation 3. 2 

 

𝑉𝐶 = −
𝑉0𝜔0

𝜔
ⅇ−𝛿𝑡 sin(𝜔𝑡 + 𝛽) +

𝐼0

𝜔𝐶
ⅇ−𝛿𝑡 sin 𝜔𝑡                           Equation 3. 3 

Where  𝑉𝐶 and 𝑖𝐶 are the capacitor voltage and discharge current, respectively. Vo and Io are 

pre-fault voltage and current for smoothing capacitor, while the C is the capacitance,   𝛿 =

 𝑅 ∕ 2𝐿  and initial angular frequency 𝜔0 = √𝛿2 + 𝜔2.  R and L are resistance and 

inductance of line from fault to DC source. Furthermore,  

 

𝜔 = √(
1

𝐿𝐶
) − (

𝑅

2𝐿
)

2
                                                                                             Equation 3.4 

 

𝛽 = arctan (
𝜔

𝛿
)                                                                                                   Equation 3.5 

 

The complete discharge time of the capacitor is given by: 

𝑡1 = 𝑡0 + (𝜋 − 𝛾)/𝜔                                                                                           Equation 3.6 

where, 

to: the initial time when the fault occurs and Ƴ given by                                    Equation 3.7 
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𝛾 = arctan [
𝑠𝑖𝑛𝛽

𝑐𝑜𝑠𝛽−(
𝐼𝑂

𝑉𝑂𝜔𝑂𝐶
)
]                                                                                   Equation 3.7  

 

The converter contribution to fault continues even after the complete discharge of the capacitor 

as shown in Figure 3.21. Though the switches turn off, the anti-parallel diode will continue to 

supply the fault current to the feeder. Equation 3.8 gives this.  

 

 

Figure 3. 21: Anti-parallel diodes fault current contribution. 
 

 

𝑖𝐿 = 𝐼𝑂
′ ⅇ

−(
𝑅

𝐿
)𝑡

                                                                                                      Equation 3. 8 

where, 

Io is the inductor pre-fault current, L is the inductor, and R is the resistance. Therefore, a steady-

state fault current will continue to flow from the grid to the feeder through antiparallel diodes. 

Equation 3.9 gives the phase current and the total contribution is the sum of the three individual 

grid phase currents iga, igb and igc. 

𝑖𝑔𝑎 = 𝐼𝑚 sin(𝜔𝑠𝑡 + 𝛼 − 𝜑) + (𝑖𝑚𝑜 sin(𝛼 − 𝜑0) − 𝐼𝑚sin (𝛼 − 𝜑)ⅇ−𝑡/𝜏                 Equation 3. 9 

where, 

ωs = the synchronous angular frequency 

𝛼 = phase voltage angle  

𝜑 = power factor angle, given by:   
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𝜑 = tan−1(
𝜔𝑠(𝐿𝑔+𝐿)

𝑅
)                                                                                            Equation 3. 10 

Im = grid current magnitude  

Imo = pre-fault grid current  

φo = pre-fault grid phase angle 

Time constant Ƭ is given by:   

Ƭ =
𝐿𝑔+𝐿

𝑅
                                                                                                              Equation 3. 11 

where,  

Lg= grid inductance. 

From the above equations, it can be seen that it is difficult to clear the high transient current, 

with no zero crossing, that rises from the fault. Therefore, there is a need for extra requirements 

compared to the AC system for faults isolation in terms of operation speed, fault detection, and 

protection against voltage disturbances. 

The need for high speed operation results comes from the power electronics inability to handle 

high fault current found in DC systems. This leads to the requirement for a quick fault isolation 

to avoid the damage to the components that would result from high transient and steady-state 

fault currents. Moreover, high speed operations in fault isolation prevents control loss by the 

main converter as well as unnecessary tripping off. Thus, preventing cascaded tripping due to 

stability and power quality issues in the DC network. Fast isolation of the transient fault current 

is important, as according to Emhemed and Burt (2013) transients can be higher as 35 times 

the steady ones in as short a period of time as 4 ms. 

Fast detection and location of the fault is required for the clearance before the transient current 

reaches significant values. On the other hand, the fault locating in DC systems is complex due 

to the small impedance of DC lines. This results in a fast rise of fault currents. Moreover, for 

predominant resistive faults, there is difficulty using impedance-based relay protection and 

overcurrent relays coordination will be affected by error in impedance estimation and therefore 

the selectivity (Chaudhuri et al., 2014).  

As mentioned above, DC fault currents are difficult to interrupt due to their no-zero 

characteristics when compared to AC with natural zero crossing. There is no low point for 

current interruption without an arc. Hence, the need to use large circuit breakers compared to 

AC systems and the use of various arc quenching techniques such as arch splitter, as well as 

arc lengthening. Though the interruption of a direct current fault current using a mechanical 
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circuit breaker in high voltage DC is impractical, they can be achieved in low and intermediate 

DC voltage range (Callavik et al., 2013; Emhemed et al., 2017).  

Depending on the type of fault occurring in DC systems, two types of voltage disturbance are 

usually observed: a fast voltage drop and overvoltage on the DC side. A short circuit on the 

DC feeder causes a fast drop in voltage. Voltage disturbance propagates quickly due to the 

low impedance of DC cables. This will result in converter control loss, unless a rapid protection 

system is activated. Overvoltage occurs from a line-to-ground fault on the AC side or the loss 

of ground in a DC bipolar system. The fault needs to be cleared quickly to avoid a post-fault 

voltage spike from the released energy within inductors. The use of voltage surge protection 

might be one of the solutions to reduce fault magnitude and time (Salomonsson, Soder & 

Sannino, 2009). 

The no zero crossing nature of the DC current not only makes the fault current interruption 

difficult, but its aggressive arc also increases fire risks and equipment degradation. 

Furthermore, regarding the safety with LVDC installations, the protection against indirect 

contacts is an issue as no commercial DC residual current devices are available nor the 

standards (IET standard, 2015). 

c. LVDC system grounding  

Electrical system grounding or earthing consists of connecting parts of the installation or parts 

of the equipment with earth conductive point for safety or functional end. Grounding for 

functionality serves to connect the equipment to the ground for its normal operation. An 

example would be the traction system in railways and in distribution systems with a single wire 

earth return. In this case, one conductor is used for the circuit and sustains the full load current.  

Protective grounding or earthing aims for the safety of the equipment and users. As LVDC 

distribution systems are being mainly used for the public, safety is a key consideration. In the 

LVDC system according to Zadeh and Manjrekar (2012) and the IEC 60364-1 (2005), the usual 

AC grounding scheme can be adopted. There are three categories of grounding systems: 

- TT (Terra Terra) system   

- IT system  

- TN system  

TT (Terra Terra) earthing system as shown in Figure 3.22 is a protective system for consumers 

that consists of a local earth electrode and all equipment is directly connected on it through the 

protective earthing conductor (PE). The advantage with the TT system is that it provides a 

shield against interferences. In distribution systems, there is no risk of the ground to be in 

contact with overhead lines. However, the system needs a residual current device (RCD) to 
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provide an automatic disconnection in case of a short circuit with the protective earth (PE) by 

tripping the circuit as fast as possible.  

 

Figure 3. 22: TT (Terra Terra) earthing system. 
 

With IT earthing for the DC system as illustrated in Figure 3.24, the connection to earth is done 

through high impedance. Compared to an IT earthing system for AC, in Figure 3.23, the same 

low touch current would result in the case of a ground fault. Hence, there is no need for residual 

current devices to be incorporated in the circuit. However, Almaguer et al. (2013) and (Li et 

al,(2013) suggest that due to second ground faults that might be formed in the same circuit, 

touch voltage might rise between the half-full voltage and full voltage. Therefore, a residual 

current device is required, despite its sensitivity. The use of other detection methods can be 

explored.  

 

Figure 3. 23: IT earthing system for AC  
(Kumar et al., 2017). 
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Figure 3. 24: IT earthing system for DC  
(Whaite et al., 2015). 

 

TN AC grounding systems, shown in Figure 3.25 and Figure 3.26, consist of a combination of 

the protective earth conductor and the neutral line. This combination is done at the distribution 

substation or at the converter, and the separation of both is done at consumer premises. TN 

can be categorized into three types (Kumar et al., 2017):   

- TN-S 

- TN-C 

- TN-C-S 

With TN-C-S, the neutral conductor and protective earthing conductor are only connected near 

the power source. While in the case of TN-C, a single conductor is used for protective earthing 

and neutral function from the substation to consumers. Due to safety concerns this type is not 

recommended for LVDC applications in the distribution system, particularly in residential or 

commercial areas. In a TN-S configuration, the protective earth conductor and the neutral are 

separate from the substation or supply to the load/consumers. According to the investigation 

done by Li et al. (2013), TT and TN-S negative pole grounding in a LVDC system are safer 

and are the best choice for future low voltage direct current distribution systems. However, for 

a DC distribution system of a higher voltage 380V - 400V; IT grounding through high resistance 

midpoint offers more safety compared to the TN-S concept shown in Figure 3.26 (Whaite et 

al., 2015).  
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Figure 3. 25: TN AC grounding systems (a) TN-S, (b) TN-C,, and (c) TN-S-C  
(Kumar et al., 2017). 

 

 

 

Figure 3. 26: TN-S DC grounding system  
(Whaite et al., 2015). 

 
 
 

3.7 Cables 

In low voltage direct current distribution systems, underground cables and overhead cables 

are used as a power distribution medium. A low voltage AC cable can be used in DC 

distribution systems as suggested by HD603 and HD626. However, a clear differentiation 
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between the cables that are used for AC and DC is required to avoid the accidental mixing of 

both systems conductors (Nuutinen et al., 2017).  

AC cables with 4 or 5 wires can be adopted for the DC system in any configuration, bipolar or 

unipolar, by making parallel connection of different conductors as shown in Figure 3.27. 

 

(a)                                                                       (b) 

Figure 3. 27: Possible cable connections for DC distribution system using 4-wire AXMK cable 
for various configurations a) unipolar or b) bipolar system 

(Salonen et al., 2008). 
 

Besides underground cables, aerial bundled cable (ABC) are also used in low voltage direct 

current and distinct labels are used to identify DC cables onto the pole in case the latter is 

supporting various lines with different voltages. Labelling stripes are used as shown in Figure 

3.28.  Moreover, IEC 60446 colour coding is also used to identify different conductor and 

polarities for underground and aerial cables in AC and DC. These codes are shown in Table 

3.3 

 

Figure 3. 28: Aerial bundled cable with notification stripe between lines connected to different 
voltage levels(Kaipia et al., 2017). 
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Table 3. 3: Colours and coding of underground cables and ABCs (Nuutinen et al., 2017). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

3.8 LVDC applications 

Lower voltage direct current distribution systems are viewed as the replacement for medium 

voltage AC networks in the near future due to their high power transmission capability (Kaipia 

et al., 2006; Afamefuna et al., 2014; Hakala et al., 2015a). They can be used for the integration 

of renewable energies by considering the fact that renewable energies such as solar, PV, fuel 

cells, and energy storage systems are DC-based like most of the loads in households (Meier, 

2006; E.C.W. de Jong & P.T.M Vaessen, 2007; Moreno & Mojica-Nava, 2014).  

LVDC systems are in use in aerospace, marine, automotive, and in the telecommunication 

industry as power supply distribution system for data centres(Elsayed et al., 2015; Becker & 

Sonnenberg, 2011). The latter require huge and reliable power supply, thus the integration of 

uninterrupted power supply combined with energy storage systems (Pratt et al., 2007; Lana et 

al., 2015). The use of LVDC in those system proved to be more efficient than when traditional 

AC system were used (Tschudi et al., 2008; Manandhar et al., 2016).   

The LVDC system finds its place in combined effort for clean and sustainable transport, 

especially in electrical cars charging station. According to Smith et al. (2016) , the LVDC 

system integrated with the DC street lightning network can efficiently and quickly charge 

electrical cars compared to AC charging systems. 

 

 

 

 

Underground cable color  (A.C)  D.C 

Brown (L1)  Positive pole   (+DC)  

Black   (L2)  Middle pole     (M) 

Gray    (L3)  Negative pole (-DC) 

Blue (N) , if available  Not used  

Yellow - green (PE), if available  Protective Earth (PE)  

Sheath (N or PE or PEN) , if available  Protective Earth (PE) 

ABC coding  (A.C)  DC  

Two - ridge    (L1)  Positive pole   (+DC) 

Three - ridge (L2) Middle pole     (M)  

Four – ridge  (L3) Negative pole (-DC) 

Suspension wire (PEN or PE)  Protective Earth (PE) 
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3.9  Perspectives of LVDC distribution systems in Africa  

 

The electrification rate in Africa is still very low, especially in rural and sub-urban areas. Hence, 

the continent embarked on finding solutions to the current situation where the electrification 

based on centralized and state-supported top-down model extension grid is no longer cost-

efficient in many cases (Bhattacharyya & Palit, 2016; Gironaa et al., 2018). This is especially 

true for remote rural areas, sparse communities with low loads in the range between 1-10MW,  

where grid connection with high voltage AC systems would be required for efficient power 

transfer over distances (Nutkani et al., 2014). Considering the capacity of those systems in 

comparison to the load demand of remote areas in Africa, they will be underused and totally 

cost-inefficient. On the other hand, low voltage DC proved to be cost efficient for 

interconnection.   

Various approaches are being applied to tackle energy poverty which is in line with sustainable 

development goals, by increasing the electricity access for African rural and peri-urban areas. 

Beside the traditional approaches which tend to be expensive, other approaches include 

individual solutions, microgrid and swarm electrification. Individual solutions are PV solar home 

system and fuels generators. This approach is limited by the fact that those solutions are prone 

to the mismatch of household power demand, which would lead to an inefficient use of energy 

with unused power capacity or the shading of some loads (Okoye & Oranekwu-Okoye, 2018). 

In the same line, microgrids, though usually sized to meet the local demand, require 

subsequent investment (Bhattacharyya, 2014). However, they are still comparatively less 

expensive than a grid extension (Das & Balakrishnan, 2012; Azimoh et al., 2017). 

A combination of advantages of both abovementioned approaches can be obtained through 

swarm networks or swarm electrification. The latter approach provides the benefit of grid 

extension while maintaining the low initial investment characteristics of the microgrid and is 

flexible for renewable energies solution integration (Hollberg, 2015; Kirchhoff et al., 2016). In 

this line, the DC based swarm electrification approach is getting attention and some projects 

are being implemented in East Africa (Pepukaye & Shepherd, 2016). Part of the bottom-up 

solution, DC swarm electrification essentially based on PV has been a success in Kenya, 

Tanzania, Bangladesh, and India. Therefore, a roll out in the rest of sub-Saharan Africa is seen 

as the next step in which low voltage DC systems will play a huge role interconnecting sparse 

microgrids and users.  
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3.10 Conclusion  

This chapter discussed the low voltage direct current in distribution network, however a general 

overview of DC systems categories and their applications in power system is given for a better 

understanding of the subject. The focus is put on low and medium voltage DC, components, 

applications, challenges and new trends. In terms equipment, different types of converters 

used in both low and medium voltage operation are presented. On the other hand, in terms of 

operation of DC distribution network, voltage standards, cable, protection and control are 

discussed as well. 

DC systems protection challenges such as the need for high speed isolation devices for fault 

clearance are highlighted along with actual and new trends in research on DC system 

protection especially in distribution network.    

 From the literature reviewed it is understood that the DC systems in medium and low voltage 

investment and operation costs are less compared to AC system costs. The perspective of 

success of DC systems in microgrid development in Africa are promising. Hence an 

interconnection of microgrids using DC voltage systems is feasible.    
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CHAPTER FOUR 
DESIGN OF ILVDC DISTRIBUTION NETWORK FOR SPARSE ELECTRIFIED 

AREAS INTERCONNECTION  
 

4.1 Introduction  

Rural electrification in many African countries is still an issue and more than 88% of the people 

in sub-Saharan Africa without access to electricity are found in rural areas (IEA & World Bank, 

2015). Among the characteristics of African rural areas are the remoteness and sparse density 

of the population, which makes it technically and economically difficult for grid extension. This 

contributes to the extensive use of diesel generators.  

In this chapter, a bottom-up grid extension Intermediate Low Voltage Direct Current based on 

the swarm electrification concept with an ILVDC network as a backbone is presented. The aim 

is to build a network extension from sparse electrified areas up to the main grid. This network 

should be self-sustained, reliable, safe, and able to meet grid requirements. 

 

4.2 Proposed system for interconnection  

To achieve a bottom-up extension, the concept of swarm electrification taking into account 

demographic and geographic common realities found in African rural and suburban areas is 

used.  

The choice of swarm as electrification which itself derive from swarm intelligence concept are 

the similarities between them and the realities in sparse electrified areas. Where standalone 

generating units, mostly diesel generators, are used for individual household power supply. 

Table 4.1 shows analogy between swarm intelligence characteristics and sparsed-electrified 

on ground realities. 

Table 4. 1: Swarm intelligence concept vs sparsed electrified areas characteristics. 
 

Swarm intelligence system characteristics  Sparsed electrified realities/possibilities 

Individuals homogenous elements or identical 

systems 

Stand-alone household electric power 

generators  

Interactions between individual systems Possible parallel connection of stand-alone 

household electric power generators 

Overall improved system resulting from 

elements interactions with each other.  

Increased electric power generation capacity 

that would result from the interconnection 

 

The evolution approach will be used for the implementation of the proposed model, building 

on the single element, nanogrid, as shown on Figure 4.1. The individual household power 

generator and local load conditions, such as an untapped household that can be connected 
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on the local network is shown. This could eventually connect to the utility grid through 

interconnection of individual household elements. Four steps are involved in the process which 

starts from the individual households’ power generation, also known as prosumer according to 

some of the literature. The four steps to be covered for the total implementation of the ILVDC 

networks are:  

1. Pre–electrification  

2. Microgrid development  

3. Minigrid development  

4. Minigrid Integration to the main grid 

 

 
 

Figure 4. 1: ILVDC network layout. 
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4.2.1 Pre-electrification (Nanogrid)  

Nanogrids usually have power generation capacity more than required for household 

consumption. In this study, the nanogrids are considered to be in same neighbourhood but not 

interconnected as shown in Figure 4.2. In step two, nanogrids are interconnected through the 

DC microgrid on to which are connected households without generators. Nanogrid generators 

being the AC type, they are interfaced to the DC microgrid through a bi-directional converter. 

The idea behind the choice of a bi-directional converter is to allow the nanogrids to benefit 

power from the microgrid should their generators fail. 

The main part at this stage are the diesel generator and household loads. Daily power 

consumption in our case is less than 3 kW. Bearing in mind the eventuality of power exportation 

to the microgrid, the generator is set to have 10 kVA. 

 

Figure 4. 2: Standalone nanogrids. 

 

A. Diesel generator  

It consists of a set of a diesel engine and a governor that converts diesel energy into 

mechanical energy which will be converted into electrical energy by a synchronous generator 

mechanically coupled to the diesel engine. Figure 4.3 depicts different functional blocks of a 

generator set and their interconnection. 
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The engine speed control or governor regulates the speed of the engine to match the speed 

required to maintain the set frequency of 50HZ. This is achieved by regulating the amount of 

fuel entering the engine. On the other hand, the voltage regulates the output power and voltage 

from the synchronous generator driven by the diesel engine, by regulating the excitation or the 

field current. 

 

 

Figure 4. 3: Diesel generator module blocks diagram. 

 

The diesel generator is modelled, as in Figure 4.4, for a dynamic study in Simulink. The model 

represents mathematical and physical characteristics. With this model, electrical stability, 

transient voltage and currents as well the performance can be evaluated. Moreover, it allows 

for the analysis of mechanical interactions independently from the electrical conversion system 

configuration.  

As it is shown the diesel engine mechanical output depends on three parameters: the amount 

of fuel injected, rotor speed ωr, and the atmospheric pressure Patm. Fuel injection is controlled 

by a PID controller with reference to rotor speed ωr for required frequency and the actual rotor 

speed as input.  
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Figure 4. 4: Diesel generator with automatic voltage regulator (AVR) model. 

 

A synchronous machine (SM) electrical model is shown in Figure 4.5. Stator, rotor and damper 

winding dynamics are considered by the model. Dq frame state space equations are used to 

represent the model. Note that the stator was taken as a reference for all electrical quantities 

and parameters.  

 

 

 

                       Figure 4. 5: Synchronous machine electrical model in dq frame. 
 

Electrical state equations are derived with the assumption of three phase balanced windings 

(Chen et al., 2005):  

 

𝑉𝑑 = 𝑅𝑠𝑖𝑑 +
𝑑

𝑑𝑡
𝜑𝑑 − 𝜔𝑅𝜑𝑞𝜑𝑑 = 𝐿𝑑𝑖𝑑 + 𝐿𝑚𝑑( 𝑖′

𝑓𝑑 + 𝑖′
𝑘𝑑)              Equation 4.1 
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𝑉𝑞 = 𝑅𝑠𝑖𝑞 +
𝑑

𝑑𝑡
𝜑𝑞 − 𝜔𝑅𝜑𝑑𝜑𝑞 = 𝐿𝑞𝑖𝑞 + 𝐿𝑚𝑞( 𝑖′

𝑓𝑑 + 𝑖′
𝑘𝑞)                 Equation 4.2 

 

𝑉′𝑓𝑑 = 𝑅′𝑓𝑑𝑖′𝑓𝑑 +
𝑑

𝑑𝑡
𝜑′𝑓𝑑𝜑′𝑓𝑑 = 𝐿′𝑓𝑑𝑖′𝑓𝑑 + 𝐿𝑚𝑑( 𝑖𝑑 + 𝑖′

𝑘𝑑)              Equation 4.3 

 

𝑉′𝑘𝑑 = 𝑅′𝑘𝑑𝑖′𝑘𝑑 +
𝑑

𝑑𝑡
𝜑′𝑘𝑑𝜑′𝑓𝑑 = 𝐿′𝑘𝑑𝑖′𝑘𝑑 + 𝐿𝑚𝑑( 𝑖𝑑 + 𝑖′

𝑓𝑑)             Equation 4.4 

 

𝑉′𝑘𝑞1 = 𝑅′𝑘𝑞1𝑖′𝑘𝑞1 +
𝑑

𝑑𝑡
𝜑′𝑘𝑞1𝜑′𝑘𝑞1 = 𝐿′𝑘𝑞1𝑖′𝑘𝑞1 + 𝐿𝑚𝑞𝑖𝑞                  Equation 4.5 

𝑉′𝑘𝑞2 = 𝑅′𝑘𝑞2𝑖′𝑘𝑞2 +
𝑑

𝑑𝑡
𝜑′𝑘𝑞2𝜑′𝑘𝑞2 = 𝐿′𝑘𝑞2𝑖′𝑘𝑞2 + 𝐿𝑚𝑞𝑖𝑞                  Equation 4.6 

 

Where: 

𝑉𝑑 = d-axis terminal voltage                      ;        𝑖𝑑 = d-axis stator current 

𝑉𝑞 = q-axis terminal voltage                       ;       𝑖𝑞  = q-axis stator current 

𝑉′𝑓𝑑 = field voltage                                     ;      𝑖′𝑓𝑑 = field current  

𝑉′𝑘𝑑 = d- axis damper voltage                   ;      𝑖′𝑘𝑑 = d-axis damper winding current  

𝑉′𝑘𝑞1,𝑉′𝑘𝑞2 = q- axis damper voltages     ;    𝑖′𝑘𝑞1 , 𝑖′𝑘𝑞2 = q-axis damper windings currents 

𝐿𝑚𝑑 = d-axis magnetizing inductance        ;         𝐿′𝑓𝑑= d-axis field inductance    

𝐿′𝑘𝑞1  , 𝐿′𝑘𝑞2 = q-axis dampers inductances referred to stator  

𝐿𝑚𝑞= q-axis magnetizing inductances     

𝑅′𝑘𝑑 = d-axis dampers resistance referred to stator  

𝑅′𝑓𝑑  = field winding resistance            

𝑅′𝑘𝑞1,  𝑅′𝑘𝑞2 = q-axis dampers inductances referred to the stator 

𝜑𝑑= d-axis stator winding flux linkage                                                             

𝜑𝑞= q-axis stator winding flux linkage  
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𝜑′𝑓𝑑 = d-axis field winding flux referred to the stator         

𝜑′𝑘𝑑= d-axis dampers flux referred to the stator 

𝜑′𝑘𝑞1 , 𝜑′𝑘𝑞2= q-axis dampers flux referred to the stator 

For household load power supply, a 8 kVA generator should sustain urban or peri urban house 

consumption which usually ranges between 1.5 kVA and 2.5 kVA. Therefore, the surplus power 

can be injected into the local microgrid network where neighbouring households can connect. 

Figure 4.6 shows an 8.1 kVA diesel generator modelling in Simulink, with a total load of 2.5 

kW divided into two of loads of 0.5 and 2 kW. The first load, 0.5 kW, emulates the household 

continuous loading while the second load emulates the additional loading from the neighbours 

who will eventually be connected through the microgrid. Figure 4.7 shows the results of the 

model simulations over a period of 20 seconds, with load 1 connected all along the period 

while load 2 is connected from t = 5 seconds to t=12 seconds. From the results, it shows that 

the diesel engine provides a slightly constant mechanical output irrespective of the demand. 

Therefore, it would be more economical to integrate additional load from neighbours for fuel 

cost sharing.  

 

                                    Figure 4. 6: Diesel power generator with loads. 
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Figure 4. 7: Simulation results of an 8kVA diesel power generator with 2,5kW total load. 
 
 

B. Generator protection  

A protection system is essential for the safety of both users and equipment. Hence, the need 

for a protective device to be well-sized to be able to effectively interrupt a fault current that 

might occur. Generator parameters necessary for fault current calculations are shown in Table 

4.2 
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    Table 4. 2: Diesel generator parameters. 
 

Power nominal, (Pn) 8100 VA  

Voltage nominal, (Vn) 400 V 

Frequency  50 HZ 

Stator  

Resistance  1.62 Ω 

Leakage inductance (LI) 0.004527 H 

Magnetizing inductance d-axis  (Lmd) 0.1086     H 

Magnetizing inductance q-axis  (Lmq) 0.05175   H  

Field 

Resistance    1.208  Ω 

Leakage inductor  0.01132 H 

Dampers 

Dampers resistance referred - d-axis (Rkd’’) 3.142 Ω 

d- axis dampers inductances (𝐿𝑙𝑘𝑑 ′) 0.007334 H 

q- axis dampers inductances, ( 𝐿𝑙𝑘𝑞1′ ) 0.01015 H 

Dampers resistance referred - q-axis (Rkq1’) 4.772 Ω 

Pole pairs  2 

Inertia  0.2252  J (Kg.m2) 

Friction factor  0.009 F (Nm/s) 

 

One of the characteristics of a diesel generator, which is referred to as a standby alternator, is 

the limited fault current. On the other hand, its magnitude changes considerably during the 

sub-transient period of the fault, 10 ms to 20 ms from the fault starting. As shown on Figure 

4.8 at the occurrence of symmetrical faults at generator terminals, fault currents rise to a value 

between 3 to 5 times the full load current.  

Fault current starts dropping rapidly from the maximum over transient period, which lasts 

between 80ms to 280ms depending on generator characteristics such as size and type. Fault 

currents stabilise around 0.5 second or beyond depending on the generator excitation type, 
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such as a manual or automatic voltage regulator. With the latter, the steady-state fault current 

during the transient period rises the fault current in the range of 2.5 In to 4 In. In our case, a 

diesel generator with automatic voltage regulator is chosen as they are the ones currently on 

market (Htay & Win, 2008; ESKOM, 2015). 

 

Figure 4. 8: Establishment of short circuit current for a three-phase short circuit at the 
terminals of an alternator. 

 

From the specifications, the fault current is calculated as follows: 

Full load current (In)    =  
𝑁𝑜𝑚𝑖𝑛𝑎𝑙 𝑝𝑜𝑤𝑒𝑟 

𝑛𝑜𝑚𝑖𝑛𝑎𝑙  𝑣𝑜𝑙𝑡𝑎𝑔𝑒
                                                       Equation 4.7 

                                     =   
81000 𝑉𝐴

400 𝑉
 

                                     =    25 kA  

∴  Full load current (In) =    25 kA  

 

Short Circuit Current (Isc) = 5 x Full load current (In)  

                                        = 5 x 25 kA 

                                        = 125  kA        
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∴      Short Circuit Current (ISC) = 125 kA  

Hence, the generator will be protected by a circuit breaker with interrupting capacity greater 

than 125kA and tripping current set at 25 kA.  

4.2.2  Microgrid development  

The second step in the bottom-up grid extension evolution approach is as explained in section 

4.2. Power excess from each nanogrid (prosumer) will be transferred to nearby loads, 

households without a generator or with one that is not running. These will be achieved through 

the interconnection of neighbouring prosumers through an overhead line low voltage DC 

network with a bidirectional AC/DC power flow converter as interface.  

Figure 4.9 shows a conceptual interconnection for microgrid development. Estate or village 

dwelling types are considered as the model, so the microgrid will cover 1Km radius. Radial and 

ring network configurations will be considered. However, emphasis will be on the radial network 

configuration due its low initial cost and maintenance as described in Chapter 2, section 2.3. 

 

 

Figure 4. 9: LVDC microgrid. 

A. Nanogrid AC/DC converter design  

The AC/DC converter serves as interfaces for the nanogrid to integrate with the microgrid. The 

converter should be a bi-directional type, acting as a rectifier during the power transfer to the 

microgrid on one hand; and on the other hand, acts as an inverter during power import to the 

nanogrid in case the diesel generator is not operational.  
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Figure 4.10 shows the nanogrid bi-directional converter configuration. A 10kW, 400V 

operating in two modes, namely rectification and inverter mode. Rectifier mode is active 

whenever the diesel generator is running and producing more power than required by the local 

load. Hence, power excess is injected to the LVDC microgrid through the converter operating 

as a rectifier. A reverse process is activated during the inverter mode, where now power is 

imported from the LVDC microgrid to local loads. During inverter mode, the diesel generator is 

not running and for safety purposes should be disconnected from the load.  

 

 

Figure 4. 10: Nanogrid AC/DC bi-direction converter. 
 

Modular design was chosen to facilitate the maintenance and repair. Instead of replacing the 

whole converter in case of a faulty component as commonly done with compact ones on the 

market; with a modular topology, only a defective module would be replaced. The motives of 

such an approach are at the same time environmental and economical. 

Environmental: as technology is evolving and society relies more and more on electronic 

equipment. Thus, electronics equipment are being produced in large quantity. On the other 

hand, there are no relevant or appropriate systems for disposal of discarded appliances which 

are also known as e-waste (Gaidajis et al., 2010). Moreover, as the grid nature is changing 

towards smart grids and intermittent resources integration which mainly rely on electronic 
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equipment, namely converters, for grid integration. With the proposed grid extension in this 

work, converters will be extensively used and in practical at a certain moment they might be 

faulty. Instead of replacing the entire converter, only the defective module should be replaced. 

Thus, the reason for modular topology is to allow for quick and easy fault location and 

mitigation. This approach reduces the amount of waste which is in line with the four strategies 

for e-waste management as portrayed in Lotlikar (2017).  

Economical: beside concerns for the environment, there are economic benefits in modular 

topology equipment. If supported by legislation, it will lead to job creation for repairers, as 

modular equipment would be easy to fix. With legislation that not only enforces the right to 

repair but also module inter-operability of different brands, this would help small firms to fit into 

the market by focusing on modules instead of the entire converter.  

- Rectifier mode:  

During rectifier mode, power transfer is from an AC nanogrid to the DC microgrid. Figure 4.11 

shows the circuit topology of a 6-pulse thyristor-based rectifier, modelled in PSIM, that operate 

during the rectification. Thyristors gate are driven by alpha controller with a close loop control 

using the PI controller. 

The switching sequence is given in Table 4.3, where thyristors are fired according to the 

sequence and firing angle that is controlled by the PI controller. The latter improves the output 

voltage by adjusting thyristor start time to meet the expected output voltage.  
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Figure 4. 11: Rectifier operation model in PSIM. 
 

 

Table 4. 3: Rectifier mode switching sequence. 
 

 S1 S2 S3 S4 S5 S6 

VA On Off Off Off Off On 

VB Off On Off On Off Off 

VC Off Off On Off On Off 

 

The above three-phase six-pulse rectifier average DC output voltage is calculated based on 

an “m” number pulse fully controlled rectifier which results in “m” number of peaks within a 

cycle of input AC supply and they are symmetrical over the period of the cycle.  

Hence, the duration of each peak would be equal to 
2𝜋

𝑚
 radians and taking into account the 

delay angle α, output voltage waveform looks as shown on Figure 4.12. 
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Figure 4. 12: 3-phase controlled rectifier output voltage waveform over a cycle. 

 

As the peaks are symmetrical over the full cycle, therefore the average voltage value of the 

waveform in Figure 4.12 over a period of  
2𝜋

𝑚
 , is equal to the average voltage over the cycle 

period interval.   

Thus,  

𝑉𝑎𝑣 =  
𝑚

2𝜋
∫ 𝑉𝑚 cos 𝜃 𝑑𝜃

(𝛼+
𝜋

𝑚
)

(𝛼−
𝜋

𝑚
)

 =   
𝑉𝑚 

2𝜋
[sin 𝜃]

(𝛼−
𝜋

𝑚
)

(𝛼+
𝜋

𝑚
)
                                       Equation 4.8 

      =   
𝑚 𝑉𝑚 

𝜋
sin

𝜋

𝑚

𝜋𝑚
cos 𝛼 

      =  
 𝑉𝑚 

𝜋/𝑚
sin

𝜋

𝑚

𝜋𝑚
cos 𝛼 

∴ 𝑉𝑎𝑣 = 
 𝑉𝑚 

𝜋/𝑚
sin

𝜋

𝑚

𝜋/𝑚
cos 𝛼                                                                          Equation 4.9 

 Where, 

m = rectifier pulse number  

Vm = AC source peak line voltage in Volts   

𝑉𝑚 = √2𝑉𝐿𝐿 𝑟𝑚𝑠    ;    with  𝑉𝐿𝐿 𝑟𝑚𝑠  = AC source root mean square line-to-line voltage. 

Therefore, for a 3-phase 6-pulse diode rectifier using Equation 4.9 with: 

m = 6  

Vm =√2𝑉𝐿𝐿 𝑟𝑚𝑠   

𝑉𝑎𝑣 = 
 𝑉𝑚 

𝜋/6
sin

𝜋

6

𝜋/6
cos 𝛼 

     =   
√2𝑉𝐿𝐿 𝑟𝑚𝑠  

𝜋/6
sin

𝜋

6

𝜋/6
cos 𝛼     knowing that for diode rectifier α = 0°, 
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     =  
3 √2𝑉𝐿𝐿 𝑟𝑚𝑠  

𝜋
 

≅ 1.35 𝑉𝐿𝐿 𝑟𝑚𝑠   

From the above calculations, during the rectification mode, the nanogrid bi-directional 

converter previously shown on Figure 4.10 will inject power into the microgrid at 400 VDC. 

However, the system voltage requirement is 400 VDC, therefore a controller system that drives 

PWM gate signals, through angle control will adjust the output voltage to the required 

amplitude. Figure 4.13 and Figure 4.14 shows converter simulations results for input and 

output voltage respectively.  

 

Figure 4.13: Nanogrid diesel generator voltage. 
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Figure 4. 14: Nanogrid converter in rectifier mode output voltage. 
 

 

- Inverter mode  

Figure 4.15 shows a nanogrid converter 3-phase inverter operation model as developed in 

PSIM. It consists of six IGBT switches, controlled by Pulse width modulation strategies, as well 

as RLC filters and DC source that emulate the DC microgrid. During inverter mode, power 

flows from the DC microgrid to the AC nanogrid through a coordinated IGBT switching following 

a sequence shown in Table 4.4. Only a pair of switches is activated at once and due to the 

switching process fluctuations occurs in the output voltage. Thus, the insertion of RLC filters 

to smooth the AC output voltage. 
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Figure 4. 15: Nanogrid converter, inverter operation model. 
 
 

 
Table 4. 4: Inverter mode switching sequence. 
 

Phases S07 S08 S09 S10 S11 S12 

VA On Off Off On Off Off 

VB Off Off On Off Off On 

VC Off On Off Off On Off 

 



103 
 

Inverter operation model is simulated using parameters in Table 4.5, simulations results are 

shown in Figure 4.16, Figure 4.17 and Figure 4.18 for input voltage, output phase voltage and 

output line-to-line voltage respectively.  

Table 4. 5: Nanogrid inverter operation model simulation parameters. 
 

     Parameters     Value  

Input voltage  400 Vdc 

Switching Frequency  15 kHZ 

Resistance 1  

Inductance 2 mH 

Capacitance  800 μF 

Simulation time  0.1 second 

Reference frequency  50 HZ 

 

 

 

Figure 4. 16: Nanogrid converter, inverter mode input voltage. 
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Figure 4. 17: Nanogrid converter, inverter mode output voltage per phase. 

 

 

 

Figure 4. 18: Nanogrid converter, inverter mode output line voltage. 
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B. Nanogrid overall control scheme 

Besides having specific control of each mode of the converter operation, an overall control is 

needed to supervise the interaction between both operation modes and the nanogrid power 

source as well as local loads. The overall control will also ensure a smooth transition between 

operating modes and prevent any simultaneous nanogrid/microgrid mutual feed in.  

Figure 4.19 shows an overview of the control system and its interaction with the system 

components. As shown, the proposed controller will overlook on converter rectification and 

inversion, diesel generator interconnection or islanding of the nanogrid as well as filters 

switching in and out depending on the mode running.  

 

 

Figure 4. 19: Nanogrid control block diagram. 
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The controller, as the decision maker of the converter operation and other system components 

associated with the nanogrid, needs criteria to base on for switching in and out different 

operation modes and associated equipment.  

Rectification mode will be activated upon successful fulfilment of following conditions:  

1. The nanogrid supply (diesel generator) is running. 

2. Nanogrid power consumption less than pre-set threshold, hence justification for power  

Once all the above conditions are met the controller will switch on the converter to run into 

rectification mode, thus injecting power into the microgrid.  

Inversion mode, it is activated for nanogrid power import from microgrid. Conditions for the 

converter to run into such modes are: 

3. The nanogrid supply (Diesel generator) is not running. 

4.  Generator is isolated from nanogrid (load). 

An additional mode can be added, the Islanding of the nanogrid, but this is considered as the 

initial mode before switching to any other mode.  

Decision making by the controller is achieved using auxiliary equipment such as measurement, 

voltage and current detection, as well as protection devices. Therefore, a certain sequence 

and event coordination algorithm is needed. The controller algorithm overlooks the operations 

of the entire nanogrid network and connected equipment. It decides, from the information 

collected by auxiliary devices, the action to be performed by the converter and other associated 

equipment.  

Figure 4.20 shows a flowchart diagram of the nanogrid control algorithm; island mode is set to 

be the initial mode; however, another setting allows the prosumers to choose the option of 

power exchange with the microgrid. As the generator starts, voltage generated (Vg) and 

frequency (F) are measured. They are compared to predefined values, in actual case 380 V 

and 50 Hz, for (Vg) and F respectively. Two scenarios can unfold:  

1. The generated power meets predefined criteria.  

2. Generated power does not meet predefined criteria.  

 In the first scenario in case the generator output voltage (Vg) and frequency (F) do meet 

predefined values, which corresponds to low voltage AC networks standards as defined by 

IEEE, then the load switch is closed to allow power flow to the load. Continuous monitoring of 

the load power demand (PL) as well as of the load voltage are done through measurement. A 

certain load power threshold (PL_threshold) defines the maximum load power consumption under 

which the nanogrid generator can export to the microgrid without compromising its local 

demand. If the nanogrid power consumption (PL) is greater than the threshold (PL_threshold), no 
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power export is possible, and the controller continues the monitoring. In case nanogrid power 

consumption (PL) is under the threshold (PL_threshold), then power exportation can take place. 

Therefore, the converter switch load is closed to allow power to flow towards the microgrid and 

filter switch is closed before starting the converter in rectifier mode and connecting the 

converter to the DC microgrid. A continuous monitoring of power exported (PConv) and voltage 

takes place to avoid overloading the minigrid generator which can affect power supply quality 

for both microgrid and nanogrid loads. If the power exported (PConv) is less than the threshold 

(PLDC_threshold_max) or nanogrid power consumption (PL) is still less than the threshold (PL_threshold), 

then power exportation to the microgrid will continue. On the other hand, in case the power 

exported (PConv) goes beyond the threshold (PLDC_threshold_max) or in case of the nanogrid load 

demand (PL) going beyond threshold (PL_threshold) for power export to take place, then the export 

process is terminated by switching off the converter, disconnecting filters, and islanding the 

nanogrid by opening the converter to load switch. Afterwards the controller will go back to the 

stage after the closure of the switch to the load, in island mode.   

In scenario two, the output power is either not in line with predefined values or the generator 

is not working. In either case, the controller will look for importing power from the microgrid. 

However, a cross check of the prosumer choice is performed; whether grid interaction was 

opted for or nanogrid island mode. In the latter case, the controller will stop, while in the former 

case it will turn on the converter in inverter mode and switch on filters before starting the power 

import from the microgrid to the grid. Converter output power, voltage (VConv) and frequency 

(F) are compared to nanogrid predefined values which are 380Vac and 50Hz, in our particular 

case. If (VConv) and (F) do not match predefined values, then the controller will try again three 

times. If the values persist then the controller will end the process. On the other hand, if (VConv) 

and (F) do match predefined values, then the controller proceeds to close the converter to the 

load switch thus power from microgrid to enter the nanogrid. Prior to that, a cross check on the 

prosumer mode choice is performed. At this stage the prosumer might decide to stop the 

process. Thus, a continuous monitoring of these events along with other parameters is 

essential. If island mode or stop is not activated, meaning that the prosumer maintains grid 

interaction, then a loop monitoring up to the point after the closure of converter load switch is 

established to track any change. Additionally, if the prosumer chooses to stop the interaction 

with the microgrid, then the controller proceeds to turn off the converter. Lastly, filters are 

disconnected and the converter to load switch is opened before the controller stops.  
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Figure 4. 20: Nanogrid control algorithm flowchart. 
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C. Microgrids interconnection converter design  

From the nanogrid build-up into the DC microgrids, as developed in section 4.1, microgrids are 

interconnected for power sharing and to develop a network that will eventually connect to the 

grid. Microgrids are interconnected through intermediate low voltage DC networks operating 

at 3 kV with a DC-to-DC converter as interface.  

As microgrids are developed using low voltage DC networks operating at 400 V, integration to 

a 3 kV operated network requires the use of a DC-DC converter with bi-directional capability. 

The converter will operate as a boost for power flowing from the microgrid to ILVDC networks, 

while buck mode runs when power flows from the network to the microgrid.   

Figure 4.21 shows a circuit diagram of the proposed DC/DC buck boost bi-directional converter 

for microgrid integration to ILVDC network. Interleaved boost converter is used as it has 

improved efficiency, reduced current ripples as well as current stress on cells compared to a 

conventional converter (Thiyagarajan et al., 2014). It consists of six switches, three inductors, 

and two capacitors for input and output.  

The switching is coordinated according to the number of phases or converter legs. Hence, 

during the boost mode, three lower switches are turned on. Switches are activated in sequence 

at different times, with a certain delay to reduced ripples. The master switch, S2, is the first to 

be activated, followed by the slave switches, S4 and S6. S4 is delayed being activated for a 

time equal to half the switching period of the master switch S2. Same for the third switch, S6, 

which is activated after a time equal to the half of the S4 switching period.  

 

 

       Figure 4. 21: Circuit diagram of an interleaved buck boost bi-directional converter. 
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The design of the interleaved buck boost bidirectional converter, on Figure 4.21, requires 

accurate sizing of the inductors and capacitors as well as the duty circle of the switching 

devices and the switching frequency. IGBT switches are used due to their ability with high 

voltage, high switching speed and mainly their low resistance.  

Boost mode specifications are as follows for a 100 kW converter, power majored at 20%: 

Input voltage (VIN) = 400V  , Power (P) = 120kW 

Output voltage (VO) = 3 kV 

Knowing that for the boost converter, output voltage (VO) is given by Equation 4.10:  

𝑉𝑂

𝑉𝐼𝑁
 =  

1

1−𝐷
                                                                     Equation 4.10 

Where D is the duty circle  

then, 

3 × 103

400
 =  

1
1 − 𝐷

 

 𝐷= 0.87  

Inductors sizing  

As three phases are used, the total current equally shared by three inductors is given by 

Equation 4.11: 

𝑃 = 𝑉 × 𝐼                                                                                             Equation 4.11 

Where, 

P = Converter power (kW) 

V = Converter input voltage (V) 

I = Total converter current (A)  

∴ 𝐼 =  
𝑃

𝑉
 

𝐼 =  
120 × 103

400
 

   𝐼 =   300 𝐴 
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Therefore, current per phase (IPH) is given by:  
𝐼

𝑁
   with N: number of phase and I total current.  

𝐼𝑃𝐻 =  300 ÷ 3  = 100 A 

Each single phase of the three phases of the interleaved converter will sustain 100 A current 

and allowed ripple phase current (∆𝐼𝑃𝐻 ) is 1%. Thus, the value of each inductor can be 

calculated using Equation 4.12 (Rahavi et al., 2012):  

𝐿 =  
𝑉𝐼𝑁  𝐷 𝑇

∆𝐼𝑃𝐻
                                                                                             Equation 4.12 

Where,  

VIN = Input voltage (volts)  

D = Duty circle  

T= Switching period (seconds) at switching frequency of 20 kHz  

∆𝐼𝑃𝐻 = Ripple phase current (1 A)  

𝐿 = 𝐿1 = 𝐿2 = 𝐿3 

𝐿 =  
400 × 0.87 

2 × 20 × 103 × 1
 

     = 8700 μH  

Capacitor sizing  

The output capacitor is sized using the Equation 4.13. Converter full current is used for line 

loading calculation and output voltage ripple percentage set at 1%. Therefore output capacitor, 

CO,  is given by:   

𝐶𝑂 =  
𝑉𝑜×𝐷 ×𝑇 

R×∆VO
                                                                                 Equation 4.13 

Where, 

D= Duty circle  

T = Switching period (seconds) at switching frequency of 20 kHz  

R= Load  

∆VO = ripple voltage   
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Knowing that power can be expressed by,  

∴ 𝑃𝑜𝑤ⅇ𝑟(𝑃) =  
𝑉2

𝑅
                                                                                   Equation 4.14  

Where,  

V = Voltage (V)  

R = Resistance  

Then using Equation 4.14,  

𝑅 =  
𝑉2

𝑃
 

With  

V = 3000 V  

 P= 120 x 103 W  

Then, 

𝑅 =
3000 2

120
 

   = 75 Ω 

And ripple voltage ( ∆VO)  at 1%: 

∆VO  = 3000 V × 0.01  

        =  30 𝑉  

Therefore, using Equation 4.13, the output capacitor C2 value is equal to: 

𝐶2 =  
𝑉𝑜×𝐷 ×𝑇 

R×∆VO
                                                                                           Equation 4.13 

    =
3000 ×0.87 ×1

75 ×30 ×20×103 

     = 5800 𝜇𝐹 
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Determination of switching angle for boost operation   

Gate pulse switching is essential for converter operation; hence the need for a well-coordinated 

switching operation. For an interleaved converter it has to be done in such way as to minimise 

output ripples and by the occasion reducing stress on switches as well as losses.  

Therefore, for boost operation, switches S2, S4 and S6 are switched respectively. Each is 

activated for a duration equal to: 

Ton = D Ts 

Where,  

D= Duty cycle  

TON = Switch time-on  

TS = Switching period in seconds / electrical degree      

Ton= 0.87 ×
1

20×103 

        = 43.5 μSec 

Table 4.6 shows the switching sequence of the switches, note that switch S4 is activated at T 

equals to the half of switch S2 ON time. The same is done for S6 which turns on at half of S4 

ON. This procedure results in reduced ripples in output voltage. 

Table 4. 6: Boost mode switching sequence. 
 

Switch  Angles (degree)   Time (μSec) 

S2 0 0 

S4 156,6 21.84  

S6  234,9  30.54 

 

Figure 4.22 shows the interleaved bi-directional buck-booster converter model developed in 

PSIM. The model is simulated in boost mode operation, emulating the power transfer from the 

microgrid to the interconnected microgrid network operating in intermediate low voltage direct 

current range. Simulations are run for 1 ms and results are shown on Figure 4.23. The input 

voltage of 400 V from the LVDC network is stepped up to 3 kV by the converter.  
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Figure 4. 22: Model of a bi-directional buck boost converter in boost operation mode. 
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Figure 4. 23: Simulation results of a bi-directional buck boost converter in boost operation mode. 
 
 

Determination of switching angle for buck operation   

For buck mode, specifications are as follows: 

Power (P) = 120 kW 

Input voltage (VIN) = 3 kV 

Output voltage (VO)= 400 V   

The duty circle (D) is calculated from buck operation Equation 4.15: 

𝑉𝑂 = 𝐷  𝑉𝐼𝑁                                                                                                      Equation 4.15  

Therefore, 

𝐷 =
𝑉𝑂

𝑉𝐼𝑁
 

     = 
400  𝑉 

3 ×103     𝑉 
 

     = 0.13  

Capacitor sizing for buck operation  

Sizing of the output capacitor for buck operation (C1) is performed as for boost operation with 

a difference in parameters considered, as the power flows in the reverse direction. Considering 

the Intermediate Low Voltage Direct Current (ILVDC) network as a source and the LVDC 

microgrids networks as a load. Therefore, using Equation 4.16:     

𝐶1 =  
𝑉𝑜×𝐷 ×𝑇 

R×∆VO
                                                                                            Equation 4.16  
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Where, 

VO= Output voltage (400 V) 

∆VO = Ripple output voltage (1%) 

       = 4 V  

T = Switching period  

D= Duty circle (buck operation) 

Then,  

𝐶1 =  44 mF  

Figure 4.24 shows the converter buck operation model as developed in the PSIM environment. 

During this mode of operation, power is transferred from the ILVDC network to the microgrid 

interconnection low voltage direct current network. Switches S1, S3 and S6 are sequentially 

activated while the bottom switches are disabled. However, freewheeling diodes operate to 

provide a path for the returning current. Simulation results of converter buck operation are 

shown in Figure 4.25, where there is a successful step down of the converter input voltage 

(Vin) from 3 kV to 400 V (Vo). 
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Figure 4. 24: Model of a bi-directional buck boost converter in buck operation mode. 
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Figure 4. 25: Simulation results of a bi-directional buck boost converter in buck operation 
mode. 

 

D. Microgrid control  

Microgrid stands between the nanogrid and minigrid, acting as a bridge for power flow to or 

from within local interconnection of nanogrid clusters as laid out in section 4.2. The microgrid 

controller has two main roles: 

- Manager clustered resources within microgrid.  

- Overseeing power import and export of the microgrid. 

Management of local resources is done through an assessment of available resources against 

the demand. This can be achieved through communication systems, as each nanogrid 

provides its status in terms of production and its own local demand. Through this channel, the 

nanogrid without production send a request for power import to the microgrid controller. The 

latter will in turn send a request for power sharing to activate nanogrid within the microgrid and 

supply the load. A continuous monitoring will ensure a halt of power supply in the event of load 

disconnection or in the case of not enough contribution vis a vis the demand.  

In case there is not enough contribution from within the microgrid, or an increase of the demand 

beyond what is the norm, the controller will initiate the power import process. It consists of 

sending a request for power supply to other interconnected microgrids within the minigrid 

through ILVDC networks. Moreover, it prepares itself for power import by starting the converter 

into buck mode upon positive feedback from the nanogrid. Note that the microgrid is operating 

at 400 VDC while the minigrid is at 3 kVDC.  

A continuous monitoring in conditions within the microgrid and outside for power import 

provides guides to connect or to disconnect load. The controller oversees power export 
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operations upon receiving a request from the minigrid controller for power support. The 

procedure is the same as with the request from within the microgrid with a slight difference in 

threshold value for power export. Figure 4.26 shows an algorithm flowchart for the microgrid 

controller.  

 

Figure 4. 26: Microgrid controller algorithm flowchart. 
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4.2.3 Minigrid development  

Minigrid (<1 MW) is constructed upon the interconnection of various microgrids (< 100 kW), 

which its self is built upon a cluster of nanogrid (<1 kW). The minigrid operating at an 

intermediate low voltage DC and it serves two purposes:  

1. Facilitating load shielding amongst interconnected microgrids. 

2. Integrating sparse microgrids to the grid.  

 

A. Voltage level selection  

Microgrids to be interconnected, following dwelling type in African rural and per urban area, 

are generally 1-3 km apart. Hence, the use of intermediate low voltage direct current system 

operating at 3 kV under the guidance of IEC60038. The choice is made from a comparison of 

1.5 kV, 3 kV and 6.6 kV voltage systems with emphasis on ACSR lines as well as the voltage 

drop in the lines. Referring to the datasheet in appendix 1, Table 4.7 shows conductors 

selection for above mentioned voltage levels. 1 MW is assumed to be the aggregated power 

from the microgrids interconnection and at least a line loading not exceeding 65% of conductor 

rating. 

       Table 4. 7: Conductor parameters for selected voltage levels. 
 

Voltage level (kV) Current (A) Conductor current rating (A) DC  Ω /km  

1.5 667 1123 0.0445 

3 334  470 0.186 

6.6 152 240 0.553 

 

Figure 4.27 shows an estimation of voltage drops in ACSR lines for the three voltage levels. It 

is understood that the higher the voltage, the lesser the current flowing through the lines which 

in turn results in low voltage drop. 6.6 kV theoretically would have been one with the lowest 

voltage drop. However, as the conductor cross section area decreases to allow low current to 

flow, the resistance per kilometre increases accordingly.  
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Figure 4. 27: Line voltage drop per distance comparison of selected voltage levels. 

 

3 kV proved to be the right choice in this context, though a slight larger voltage drop compared 

to 1.5 kV, the mass per km of the latter would be heavier. Referring to the standard of ACSR 

in South Africa (appendix 1) from Aberdare, the conductor size for 3 kV will be lighter than for 

1.5 kV for the same amount of power transferred. Thus, an optimal interconnection platform in 

terms of cost of installations versus losses. Therefore, 3 kV rated networks provide for 

interconnections of microgrids, allowing load sharing amongst them. 

Moreover, 3 kV DC systems are currently in use in railways systems and are matured as 

technology as research continues to improve their safety and performance (Cinieri et al., 2007; 

Szeląg et al., 2015). Therefore, smooth adaptation of equipment and techniques used in 

railways system for minigrid development through microgrids interconnection is achievable.  

B. Minigrid Converter  

In addition to serving as a platform for microgrid interconnection, the 3 kV DC minigrid stands 

as the bridge in bottom-up grid extension based on swarm electrification concept with the 

nanogrid as a unit cell, in a coordinated framework as developed in Chapter 1 and Chapter 4 

section 4.1. 
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A minigrid tied to the grid is accomplished through a bi-directional DC to AC converter. The 

latter provides a way for power input from the grid or power export towards the grid if needed 

for support. Figure 4.28 shows converter topologies as developed in the PSIM environment, 

operating in two modes, namely as a rectifier and inverter for power import and export 

respectively.  

 

 

Figure 4. 28: Minigrid converter topology. 

 

1. Inverter mode  

During this mode the power is transferred from the minigrid to the primary distribution grid. The 

latter is considered to operate at 11 kV, therefore a transformer on the grid side is needed to 

step up the converter 3 kV output voltage to grid level or a buck boost on the minigrid side to 

level up the minigrid converter input voltage to the grid prior to conversion to AC. The last 

option would require a converter with high voltage rating switches, which would increase the 

cost of the converter. Therefore, in this work it is assumed that a transformer is interfaced 

between the converter and the grid to step up the former output voltage to the grid level 11 kV. 

Figure 4.29 shows the minigrid converter circuit operating in inverter mode; pulse width 

modulation control is used for switches control along with filters for smoothing out harmonics.  
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                  Figure 4. 29: Minigrid converter in inverter operation mode. 
 

 

The model is simulated using parameters in Table 4.8 and results are shown in Figure 4.31 for 

inverter line-to-line output voltage, while Figure 4.32 shows three-phase output voltages 

injected in the utility grid. Figure 4.30 shows the converter input voltage, which is also the 

minigrid voltage of 3 kV. It is assumed that the 3 kV AC line-to-line voltage injected into the 

utility grid will be stepped up by a transformer to the level of grid primary distribution value.  

Table 4. 8: Simulation parameters for minigrid converter in inverter operation mode. 
 

Parameters Value 

Input voltage  3 kV dc 

PWM Sinusoidal voltage source 1) 1.5 V, 50 HZ, 0º, 0 V , 0 sec 

2) 1.5, 50 HZ , -120º ,0 V, 0 sec 

3) 1.5, 50 HZ, -240º, 0 V , 0 sec 

Carrier   2 V, 15 kHZ, 0.9, -1 V, 0 sec ,0º 

IGBT  Ideal  

3 R 2 Ω 

3 L 1.5 mH 

3 C 880 μF 
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  Figure 4. 30: Simulation result of minigrid converter in inverter operation mode, input voltage. 
 

 

Figure 4. 31: Simulation result of minigrid converter in inverter operation mode, output line 
voltage. 

 

 

Figure 4. 32: Simulation result of minigrid converter in inverter operation mode, three phase 
output voltage. 
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2. Rectifier mode  

In this mode of operation, the converter acts as an interface for power transfer from the utility 

primary distribution to the DC minigrid. Connected to the 3 kV AC utility grid, the converter will 

rectify the voltage to 3 kV DC and inject it into the minigrid. Figure 4.33 shows a model of the 

converter operating in rectifier mode as developed in PSIM. During rectification, operation 

switches are switched off and only their freewheeling diodes perform the task. LC filters are 

introduced for smoothing purposes on the DC side. Simulations are using parameters in Table 

4.9 and results are shown in Figure 4.34 and Figure 4.35. The latter, being the rectifier output 

DC voltage while the former is the peak-to-peak input voltage. 

 

Figure 4. 33: Minigrid converter in rectifier operation mode. 

 

Table 4. 9: Minigrid converter in rectifier operation mode simulation parameters. 
 

Parameters  Value 

Input voltage (rms): 1.4 * Vpeak 3 kV AC, 50 Hz , 3 phase 

DC Filter  1) L = 1.5 mH  

2) C = 880 μF 

IGBT  Off  

Simulation time  0.1 s 
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Figure 4. 34: Minigrid converter in rectifier operation mode peak input voltage. 
 

 

 

Figure 4. 35: Simulation results of minigrid converter in rectifier operation mode, DC output 
voltage. 
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C. Minigrid control  

The control of the minigrid is part of a large decentralized control built up on nanogrid and 

microgrid controls. This means that the minigrid controller relies on both nanogrid and 

microgrid controllers to oversee or reach individual power sources and loads sparsely 

connected in its geographic network. 

The minigrid is expected to exchange power with the utility grid. In reality, it is a link between 

microgrids themselves and the utility grid. Microgrids themselves are links between nanogrids, 

simply put, a link between all neighbouring single loads and all single power generator, as well 

as with the utility grid.  

The power exchange between the grid and minigrid is done on request. If one microgrid is 

having imbalance between its own demand and the supply, it sends the request for assistance 

to the minigrid controller as discussed previously in section 4.2.2. Therefore, this involves 

communication systems at all levels of the network. A communication system is proposed as 

well in section 4.5. of this chapter. 

Figure 4.36 shows the minigrid control algorithm flowchart. It describes all the steps and 

decision-making involved. First, the controller checks for any power request (Preq) either from 

the microgrids or the utility grid and two scenarios will unfold:  

-In case the power request comes from the microgrid, the controller will forward the request to 

the active microgrids to check the availability to respond to the request depending on their own 

actual status. The feedback from those microgrids provides the total power they might provide 

without compromising their own load. From the feedback by microgrids, if available power 

(Pmicro_avail) is above a certain threshold, a positive feedback is sent to the requesting microgrid 

and the command is sent to close its switches to the minigrid. Continuous measurements are 

taken for the total amount of power exported to the microgrid (PExp_micro) and the available power 

from microgrids (Pmicro_avail). A certain minimum power threshold (PExp_min) is set for power 

exportation to the microgrid for safety reasons to avoid a situation where the requesting 

microgrid does no longer need the support from other microgrids but failed to send a cancelling 

request to notify the minigrid controller. Thus, if the power exported to a requesting microgrid 

(PExp_micro) is less than the minimum required (PExp_min) then the process is interrupted, and an 

end request is sent to all contributing microgrids to stop their contributions. Otherwise, the 

power from microgrids (Pmicro_avail) is also monitored against the maximum threshold (Pthreshold) 

which means the minimum reserve of power to avoid the overloading of microgrid generators 

and disturb supply/demand balance within the microgrid. Therefore, if power available from 

microgrids (Pmicro_avail) is still greater than the minimum reserve threshold (Pthreshold), then a final 

check for any end-request from the microgrid is performed and in case there is, an end export 



128 
 

request is sent to active microgrids. Otherwise, the sequence repeats itself from the 2nd 

feedback stage.  

The minigrid controller will request support from the grid in case the power support from other 

microgrids (Pmicro_avail) is less than the minimum power threshold. This happens either after the 

1st or the 2nd feedback from active microgrids. After the controller decision to request support 

from the utility grid, the first step is to check grid power availability (PUtility_grid avail) by 

measurement. In case there is no power available, then a request-decline feedback is sent to 

the requesting microgrid and the import process will not proceed. On the other hand, if there 

is power on the grid, a positive feedback is sent to the requesting microgrid. The minigrid 

converter is then started in the rectifier operational mode followed by the closing of the switch 

to utility to allow power flow from the utility grid to the minigrid. 

There is a continuous monitoring of the availability of grid power (PUtility_grid avail) along with the 

check for any end-request from the microgrid. If the power from the grid still available and there 

is no request from the microgrid to end power importation from the grid, then the controller will 

continue to monitor the feedback for any change in conditions. On the other hand, in case the 

power from the grid is not available, then the converter is stopped and disconnected from the 

minigrid. Afterwards, a decline-request is sent to the importing microgrid and the controller 

stops. So far, power import is discussed, either from other microgrids or the utility grid. 

In case the request for power support comes from the grid, the controller forwards the request 

to active microgrids and from the feedback of the latter, total available power capacity 

(Pmicro_avail) is assessed against a minimum power threshold (Pthreshold_gridexp) required for the 

export to take place. If the available microgrids power capacity (Pmicro_avail) is less than the 

threshold (PUtility_grid avail), then the export is impossible to proceed. Therefore, a request to 

decline is sent to the grid controller by the minigrid controller which results in the latter stopping.  

On the other hand, if the available power capacity from the microgrids (Pmicro_avail) is greater 

than the threshold for power exportation (Pthreshold_gridexp); then minigrid converter is activated to 

operate in rectifier mode and the circuit breaker to the grid is closed. Thus, allowing power 

injection into the grid. A continuous monitoring of microgrids available power capacity 

(Pmicro_avail) and of power exported (PExport) proceeds. In case the power capacity from 

microgrids (Pmicro_avail) goes below a certain power export threshold (Pthreshold_gridexp), then the 

process to halt power export starts. Otherwise, the total power exported (PExport) is compared 

to the minimum power export threshold (PExportminimum_gridexp), that is set to check if the utility 

demand still needs the support from the minigrid. If (PExport) is less than (Pthreshold_gridexp), then 

the power export halt process starts.  Otherwise, the monitoring of the feedback continues.  
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The halt process consists of stopping the converter, operating in inverter mode, and the 

sending of an end export request to all active microgrids followed by a disconnection of the 

minigrid from the grid. However, this is slightly different from the halt process at the first 

feedback where only a decline request is sent to the grid controller. Afterwards, the minigrid 

controller, as no further steps have been taken, just goes straight to stop. 
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Figure 4. 36 :Minigrid controller algorithm flowchart. 
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4.3 Communication system for ILVDC distribution network for sparse electrified areas 
interconnection 

4.3.1 Proposed system topology 

Communication has a central role in the modern power system, from the control point of view, 

to protection and demand side management. For an intermediate low voltage direct current 

network, the communication system serves as a link between converters for control purposes 

at all levels from nanogrid to grid integration of the minigrid as put out in section 4.2. The 

interconnection of nanogrids, basic units for bottom up integration considered for this research, 

rely on communication system for power exchange.   

Figure 4.37 shows the proposed communication system and topology: a packet-switched 

communication system transposed upon the intermediate low voltage direct current network. 

It uses the power line as a communication channel. Packet-switched systems are modern 

communication systems and have proven to be effective in data transfer as explained in 

Chapter 2 section 2.6. Power line communication is a proven matured technique in use and 

seem to be an economic method for wired data transfer.  

As shown on Figure 4.37 communication networks are extended up to the nanogrid, which 

might open the opportunity for other applications such as IP telephony and cable TV, in addition 

to control, protection and metering. This is mostly a pathway to the internet of things and 

improved accuracy in energy management.  

The extension of the communication networks to nanogrid level requires a safe and efficient 

power line communication coupling system. Therefore, a coupling system for the DC nanogrid 

is proposed in section 4.5.2 
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Figure 4. 37: Power line communication over ILVDC network topology 

 

With the above proposed communication system and topology, an efficient link between the 

utility grid and nanogrid is established. Signal repeaters can be added on top of each microgrid 

switch to increase the communication signal strength as well as for data correction. Note that 

converters used have bi-directional communication capability, for instructions/status reception 
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and transmission. Moreover, each converter, coupler, and in turn nanogrid are IP identified 

through their respective switches. However, IP allocation and more advanced computer 

networking implementation are not discussed in this research.  

4.3.2 Power line communication couplers for ILVDC networks  

A. Introduction   

Couplers play a primordial role in communication signal transmission over power line. They 

are used for communication signals injection or extraction into and from power lines. Various 

coupling methods are used on all levels of the power system and are discussed in Chapter 2, 

section 2.6. 

Amongst the qualities sought for in a power line communication coupler is efficiency and safety. 

Efficiency is looked at in terms of maximum power transfer of communication signal at 

transmission and reception end. This means maximizing on lower insertion and return losses. 

While in terms of safety, a power line communication coupler must provide a complete galvanic 

isolation. It isolates undesirable currents to flow to transceiver circuit by blocking power line 

voltage to cross and only allowing through communication signals. This not only protects 

communication devices but also users from short circuits and electrocution.  

B. Proposed power line communication coupler design 

A power line communication system proposed for intermediate low voltage direct current 

comprises of couplers from the minigrid to nanogrid level. The latter level, also referred to as 

the last mile, being in the end-user’s environment, requires more safety than for other levels.  

Available power line communication couplers on the market offer a certain degree of galvanic 

isolation against surges and short circuits to transceiver and users based on surge arrestor 

and transformer saturation for transformer coupled circuit. However, any short circuit within the 

transformer itself or surge failure would result in a damaged transceiver and eventually harmful 

DC voltage flowing to users. 

Therefore, in this research we propose a broad band opto-capacitive power line coupler for 

DC nanogrid that would provide a complete galvanic isolation between end user transceiver 

and the power line. Broad band was selected as operational frequency range to provide a room 

for advanced metering and control as well as further applications such as telephony and cable 

TV services.  

The proposed coupling method is shown in Figure 4.38, an opto-capacitive coupling. It consists 

of transmitting circuit injecting communication signal into the power line through a capacitive 

coupling and a reception side coupled to power line through a capacitor and an opto-coupler. 

A filtering stage in series with a buffer process the signal before sending it to opto-coupler 
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which provides a complete electrical isolation between the power line and the transceiver, as 

the received signal is replicated to the digital transceiver side without any actual electrical 

connection.   

 

 
Figure 4. 38: Opto-capacitive coupler for PLC signal reception over a DC power line concept. 

 

As mentioned above, the proposed coupler for power line communication signal reception 

consists of many stages:   

- Coupling capacitor: the primary role of the mentioned capacitor is to block DC line voltage 

while allowing only communication signal currents to flow towards the filters. This 

communication signal is an amplitude modulated signal.  

- Filtering stage: at this stage the received signal is a mix of carrier signals and communication 

signals needed for processing. The carrier is removed, and the remaining communication is 

forwarded to the buffer stage for further processing.  

- Buffer stage: this stage links the filter stage to the opto-isolator/coupler. The filtered digital 

signal still has some noise that may cause errors in signal reading or processing by the 

transceiver. Therefore, the buffer defines the patterns of the signal by differentiating the noise 

from the real signal.  
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- Opto-isolator stage: Here, the digital communication signal received is recovered but there is 

an electrical connection from the line up to the opto-coupler. Applying the working principle of 

the latter, the input digital communication signal is reproduced into the optic-coupled circuit. 

Therefore, there is no direct electrical connection with the DC power line. An independent 

voltage source is used for communication signal duplication in the secondary circuit of the 

optical coupler.   

In the event of a surge arrest failure or capacitor short circuit, the power line voltage can only 

cause damage up to the optical coupler, without affecting the transceiver or the users.  

As the communication involved in intermediate low voltage direct current network developed 

in this research is a two-way communication, it is worth mentioning that the proposed method 

of coupling is also applicable for transmission with little modification but the same objective. 

Figure 4.39 shows an opto-capacitive coupler system for communication signal transmission 

over a DC power line. 

Similar to the concept of an opto-capacitive coupler for PLC signal receiver shown Figure 4.38, 

an opto-coupler system for communication signal transmission over a DC power line consists 

of an opto-coupler, a surge arrestor, and coupling capacitor. These components serve the 

same role as for the signal reception. The signal to be transmitted is received from the source 

and is converted, in case it was not previously, into a digital signal. The latter is fed into an 

opto-coupler which replicates the signal on its output thus isolating electrically signal source to 

the rest of the process stages.   

- Signal source: it might be an intelligent meter, intelligent electronic device in the network, 

converter with communication capability, telephony equipment, and internet switch/router. All 

the equipment connected to the network with communication capability are in accordance with 

IEEE 61850 standards. 

- Digital signal: communication signals sent by the signal source in analogue form have to be 

converted to digital form in order to be sent to the opto-coupler.  

- Modulation: telecommunication modulation consists in mixing a communication signal with a 

high frequency signal (carrier) to allow the transmission of the former over a channel with 

optimum power. Note that for this research amplitude modulation is considered.   

-Carrier: a high frequency signal mostly sine wave, used for modulation for transmission of a 

communication signal.  
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Figure 4. 39: Opto-capacitive coupler for PLC signal transmission over a DC power line 
concept. 

 
 

 

C. Opto-capacitive coupler design  

The coupler for PLC signal reception concept, proposed in the previous section, is modelled 

for physical or practical circuit design as shown in Figure 4.40. It consists of a transmission 

side, 400 VDC line, coupling capacitor, band pass filter, op-amp as a buffer to the opto-isolator, 

and the opto-isolator. Amplitude Shift Keying (ASK) modulation technique is used for 

transmission. ASK is a digital modulation technique that consists in modulating the carrier with 

a digital communication signal to be transmitted. The carrier 𝑓𝐶(𝑡), a high frequency signal 

usually sine wave defined by Equation 4.17,is multiplied by the digital communication signal 

𝑓𝐷(𝑡). The resultant modulated signal,𝑓𝑀(𝑡) , described by Equation 4.18 is transmitted over 

the selected medium, which is in the present case a power line. ASK modulation technique is 
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simple and transmitter requires less bandwidth in comparison with other digital modulation 

techniques. 

 

   

    Figure 4. 40: Opto-capacitive coupling circuit diagram. 
 

 

𝑓𝑐 = 𝐴𝑐 sin(2𝜋𝑓 + 𝜃)                                                                                Equation 4.17  

 

𝑓𝑀 = 𝑓𝐷(𝑡) × 𝐴𝑐 sin(2𝜋𝑓 + 𝜃)                                                                  Equation 4.18    

 

where,  

𝐴𝑐 = amplitude of the carrier  

𝑓 = Carrier frequency  

𝜃 = Carrier phase delay 

The digital signal is emulated using a square voltage source. Figure 4.41 shows the square 

voltage signal parameters used for simulations such as peak-to-peak voltage amplitude (Vpp), 

duty circle (D), starting time, frequency, DC of set and phase delay.  The digital signal 

parameters settings are shown in Table 4.10. 

 
Figure 4. 41: Digital signal. 

 
 



138 
 

 
 
 
               Table 4. 10: Digital signal parameters settings. 
 

Parameter Value Units 

Peak to peak voltage (Vpp) 10 V 

Frequency (F) 2 MHz 

Duty circle (D) 0.5 - 

Phase delay  0 Degree 

Start time  0 Sec 

DC offset  0 V 

 
 
 

The carrier signal (VO) is provided by sinusoidal voltage source defined by Equation 4.19 and 

whose parameters are shown in Table 4.11. 

𝑉𝑂 = 𝑉𝑚 × sin( 2𝜋𝑓𝑡 + 𝜃 ×
𝜋

180
) + 𝑉𝑜𝑓𝑓𝑠𝑒𝑡                                                              Equation 4.19 

Where,  

𝑉𝑚  = Peak amplitude  

𝑓    = Frequencyf, in Hz 

𝜃     = Initial phase angle  

𝑡     = Starting time, in sec. Before this time, the source is zero 

𝑉𝑜𝑓𝑓𝑠𝑒𝑡  =   DC voltage offset 

Table 4. 11: Carrier signal parameter settings. 
 

Parameter Value Units 

Peak amplitude (𝑉𝑚) 10 V 

Frequency (F) 30 MHz 

Initial phase angle  (𝜃) 0 Degree 

Start time  0 Sec 

DC offset  10 V 

 

Coupling capacitors (C) are calculated based on the modulated signal frequency (𝑓0) using 

capacitor resonance Equation 4.20 for maximum power transfer of the modulated signal.  
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𝑓0 =  
1

2𝜋×𝐶×𝑅𝐿𝑖𝑛𝑒
                                                        Equation 4.20 

Where, 

𝑓0= Resonance frequency (carrier frequency) 

𝐶 = Coupling capacitor capacitance in Farad 

𝑅𝐿𝑖𝑛𝑒 = Line/channel impedance in ohms  

Characterization and modelling of the Line impedance is calculated based on the assumption 

that the power line distance from the transmission point to the reception point is 2 km. A 

SANS1507/6 aerial service connection cable is considered for its insulated conductor type 

which decreases hazards in the event of fall or other high impedance faults. Technical 

information of this cable is shown in appendix 1.  

Using a 20 mm2 cable, with a phase conductor impedance of 2.34 Ω/km and resistance of 1. 9 

Ω/km; the line is modelled using the transmission line equivalent circuit model shown in Fig.4. 

The model describes a power line long from point a to b, with respective instantaneous voltage 

and current represented by 𝑣(𝑎, 𝑡),𝑣(𝑏, 𝑡), 𝑖(𝑎, 𝑡) and 𝑖(𝑏, 𝑡). Line per unit length resistance 

(𝛺 𝑚⁄ ), inductance (𝐻 𝑚⁄ ), capacitance (𝐶 𝑚⁄ ) and conductance (Ω−1 𝑚⁄ ) are represented by 

R, L, C and G respectively. The effect of those line parameters onto the signal propagation 

can be evaluated using Equation 4.21 of the transmission line in high frequency 

 

 

                                        Figure 4. 42: Transmission line model 

 

{ 
−

𝑣(𝑏,𝑡)−𝑣(𝑎,𝑡)

𝛥𝑥
= 𝑅𝑖(𝑎, 𝑡) + 𝐿

𝜕𝑖

𝜕𝑡

−
𝑖(𝑏,𝑡)−𝑣(𝑎,𝑡)

𝛥𝑥
= 𝐺𝑣(𝑎, 𝑡) + 𝐶

𝜕𝑣

𝜕𝑡

                                                              Equation   4.21                             
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Considering 𝑣(𝑎, 𝑡)= 𝑅ⅇ[𝑉(𝑎, 𝑡)] and 𝑖(𝑎, 𝑡) = 𝑅ⅇ[𝐼(𝑎, 𝑡)]   then Equation (4.21) can be written 

as follows:  

−
𝑑𝑉

𝑑𝑎
= (𝑅 + 𝑗𝜔𝐿)𝐼(𝑎)

−
𝑑𝐼 

𝑑𝑎
= (𝐺 + 𝑗𝜔𝐶)𝑉(𝑎)

                                                                                            Equation 4.22  

{

𝑑2𝑉(𝑎)

𝑑𝑎2 = (𝑅 + 𝑗𝜔𝐿)(𝐺 + 𝑗𝜔𝐶)𝑉(𝑎) = 𝛾2 𝑉(𝑎)

𝑑2𝐼(𝑎)

𝑑𝑎2 = (𝑅 + 𝑗𝜔𝐿)(𝐺 + 𝑗𝜔𝐶)𝐼(𝑎) = 𝛾2𝐼(𝑎)
                                                        Equation 4.23  

Where 𝛾 is the propagation coefficient which is given by Equation (4.24): 

𝛾= √(𝑅 + 𝑗𝜔𝐿)(𝐺 + 𝑗𝜔𝐶) =   α +jβ                                                                         Equation 4.24 

With α the attenuation and β the coefficient, therefore the line impedance is given by Equation 

(4.26) knowing that  

𝑉0 =  𝑉0
+ⅇ−𝛾𝑎 + 𝑉0

−ⅇ𝛾𝑎  and  𝐼0 =  𝐼0
+ⅇ−𝛾𝑎 + 𝐼0

−ⅇ𝛾𝑎                                                 Equation 4.25              

Then characteristic impedance of the line Zl in the range of interest (1.7- 30MHz) is calculated 

using Equation (4.26):  

𝑍𝑙 =  
𝑉0

𝐼0
=  √

(𝑅+𝑗𝜔𝐿

(𝐺+𝑗𝜔𝐶)
                                                                                               Equation 4.26     

Where per unit parameters can be calculated as follows (Mulangu et al., 2012):   

 

𝑅 =  
1

𝜋𝑟
 √

𝜋𝑓𝜇  

𝜎
                                                                                                        Equation 4.27     

    

𝐿 =  
𝜇

𝜋
𝑐𝑜𝑠ℎ−1(

𝐷

2𝑟
)                                                                                                   Equation 4.28      

       

𝐺 =
𝜋𝜎

𝑐𝑜𝑠ℎ−1(
𝐷

2𝑟
)
                                                                                                          Equation 4.29    

     

𝐶 =
𝜋𝜀

𝑐𝑜𝑠ℎ−1(
𝐷

2𝑟
)
                                                                                                          Equation 4.30   

 

 With μ the magnetic permeability = 4π × 10−7 H/m, 𝑓 the frequency = 30 MHz, σ the 

conductivity of line material,  r the radius of the conductor and D the clearance between the 

line= 600mm, the impedance of a 2000m long line can be calculated using Equation 4.26. If a 



141 
 

20 mm2 aluminium conductor is considered, σ =3.77 x 107 /Ωm, ρ = 2.8264x10-2 Ωmm2/m, 

permittivity 𝜀 = 8.85 x 10-12 F/m and r = 2.5mm, then the line impedance 𝑍𝑙 is equal to 657.5 Ω. 

Note that the conductance G is assumed to be zero , due to the fact that an overhead line is 

considered and the fact that the free space is the separation between the lines (Anatory et al., 

2007). Table 4.12 shows the parameters values for both signals as well as for the line 

impedance ZLine 

    Table 4. 12: Transmission circuit parameters 

Parameters Carrier  Digital signal  

Frequency (MHz) 30  2  

Amplitude (V) 4 2.5 

Phase delay (degree)  0  0  

Line impedance (Ω)  657.5 

 

Asynchronous ASK demodulation technique is used for digital signal extraction. In series with 

the coupling capacitor, the ASK demodulator consists of a rectifier coupled to a second order 

band pass filter. The coupling capacitor is sized to provide least reactance at the resonance 

frequency which corresponds to the carrier frequency (𝑓𝐶) of 30 MHz. Moreover, the coupling 

capacitor reactance is matched with the line impedance to have a minimum reflection of the 

communication signal. Therefore, the coupling capacitor value is calculated using the Equation 

(4.31):   

𝑓0 =  
1

2𝜋×𝐶×𝑍𝐿𝑖𝑛𝑒
                                                                                               Equation 4.31                                          

Where:                      

𝑓0 = resonance frequency (carrier frequency) 

𝐶 = Coupling capacitor capacitance in Farad 

𝑍𝐿𝑖𝑛𝑒 = Line impedance in ohms  

𝐶 =  
1

2𝜋×𝑓0×𝑍𝐿𝑖𝑛𝑒
                                                                         

    = 8.1 𝑝𝐹   

 

The signal from the coupling capacitor is processed by a rectifier and a band pass filter for 

communication signal extraction. Passive 1st order low pass and high pass filters associated 
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in series are used for the implementation of a passive band pass filter with a transfer 

function 𝐹(𝑗𝜔) as shown in Figure 43a. The frequency response of the band pass filter is given 

by the product of both filters’ frequency responses and the loading, as per Equation (4.32). 

 

 

Figure 4. 43: Band pass filter. 

 

𝐹(𝜔) = 𝐻(𝑗𝜔𝑙) 𝐺(𝑗𝜔𝑢) 𝐿(𝑗𝜔0)                                                                             Equation 4.32   

                                                             

Assuming that the loading 𝐿(𝜔0)  is approximately equal to 1, then Equation (4.32) becomes: 

 

𝐹(𝜔) = 𝐻(𝑗𝜔𝑙) 𝐺(𝑗𝜔𝑢)                                                                                        Equation 4.33     

                                                           

Using RC filter shown in Figure 4.43b, then: 

𝐻(𝜔) =
𝑅1𝐶1𝑗𝜔𝑙

1+𝑅1𝐶1𝑗𝜔𝑙
                                                                                               Equation 4.34     

                                                                            

𝐺(𝜔) =
𝑅2𝐶2𝑗𝜔𝑢

1+𝑅2𝐶2𝑗𝜔𝑢
                                                                                              Equation 4.35                                                                                

where  

𝜔𝑙 = 2𝜋𝑓𝑙    ,      𝑓𝑙 =  lower  cutting frequency  

𝜔𝑢 = 2𝜋𝑓𝑈   ,     𝑓𝑢 = upper cutting frequency                                                    Equation 4.36 
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𝑓0 = √𝑓𝑙  𝑓𝑢       ,  𝑓0 =  fundamental  frequency  

 

The frequency of the communication signal, 2 MHz, is taken as filter fundamental frequency 

𝑓0. Thus from Equation (4.20), lower and upper cutting off frequencies are 1.9 and 2.1 MHz 

respectively. Using Equation. (4.31) and considering the coupling capacitor as 𝐶1  and 𝑅2 as 

28 Ω, knowing that:   

 

 𝑓𝑙 =  
1

2𝜋𝑅1𝐶1
       and  𝑓𝑢 =  

1

2𝜋𝑅2𝐶2
                                                               Equation (4.37) 

                                                                   

Then, from Equation (4.31), the filter parameters are calculated as 

𝑅1 = 10.34 𝑘𝛺 ;     𝑅2 = 28 𝛺 ;        𝐶2 = 2.7𝑛𝐹 

 

D. Opto-capacitive coupler model validation  

For validation of the opto-capacitive power line communication coupler proposed in the 

previous section, in Figure 4.40, a model is developed and simulated in the PowerSim (PSIM) 

environment. A simulation algorithm based on nodal analysis and trapezoidal rule for numerical 

analysis is used. PSIM Professional Version 9.0.3.400 is the version used for developing the 

opto-capacitive coupler for the power line communication circuit model in Figure 4.43.  

Simulations are performed for a period of 2 μs using 0.5 ns as a time step and digital signal of 

2 MHz and 2.5 V amplitude as the communication signal. The latter modulates a carrier signal 

of 30 MHz, 4 V. and the modulated signal is transmitted over the power line represented by a 

657.5 Ω resistance through an 8.1 pF coupling capacitor. The set up in Figure 4.44 represents 

the model under normal operational conditions.   
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Figure 4. 44 :Opto-capacitive coupler for power line communication circuit model. 
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The transmitted signal is a resultant signal from the modulation of the carrier by the digital 

signal shown on Figure 4.45c. The carrier signal, with parameter specified in Table 4.11, is 

shown in Figure 4.45b. The ASK modulated signal shown in Figure 4.45a, is injected into the 

power line through coupling capacitor (Ccoupling_Tx). Its amplitude is the product of the carrier 

and the communication signal amplitudes. Therefore, the peak-to-peak voltage amplitude of 

the modulated signal injected into the power line is 10 V, which is in line with Comité Européen 

de Normalisation Électrotechnique CENELEC standards for power line communication. 

The injected signal travels along the line to the reception side.  

Figure 4. 45: Transmission side signals: a) modulated signal b) carrier and c) digital signal. 

 
At the reception side, the coupling capacitor isolates the DC components of the transmitted 

signal and only the modulated transmitted is extracted. Figure 4.46a shows the recovered 

modulated signal which is fed into pass band filters for original signal recovery by filtering out 

the carrier. The pass band filter output signal is shown in Figure 4.46b. It is an attenuated 

digital signal affected by noise caused by the line impedance and filter losses. The filtered 

signal is fluctuating in amplitude and time, thus, cannot be directly used in opto-isolator. Hence, 

the use of a buffer stage prior to feeding the filtered signal into the opto-isolator. The output 

from the buffer is the input to the opto-isolator and is shown in Figure 4.46c. Up to this stage 

the amplitude recovered is 1.2V while the original digital signal is 5V. However, the signal 

amplitude is enough and consistent to be fed to the opto-isolator. It is worth noting that there 

is an electric connection from the power line down to the input of the opto isolator. 
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Figure 4. 46: reception side signals, (a) unfiltered signal ;(b) filtered signal; (c) Opto-isolator input 
signal. 

 

The opto-isolator output amplitude depends on an independent voltage source Vcc. For the 

current simulation 10 V is used as Vcc, consequently the maximum output signal amplitude 

that can be obtained from the opto-isolator irrespective of the input signal amplitude. Figure 

4.46b shows the opto-isolator output signal in comparison to the original transmitted digital 

signal shown in Figure 4.46a. From both graphs, a 180° phase between the original digital 

transmitted signal and opto-isolator output signal can be noticed. A phase shift would mean a 

change in bit sequence and consequently the wrong information would be received. Moreover, 

the nature of the phototransistor part of the opto-isolator makes its output signal to delay 

achieving its maximum amplitude. Hence, the need to use an operational amplifier phase 

shifter to recover the right sequence of the digital signal transmitted and for a faster level 

switching. Figure 4.46c shows a reconstructed digital signal which is fed to the transceiver and 

does match the original transmitted signal.  
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The amplitude of the recovered digital signal as shown in Figure 4.46c is 10 V, while the 

amplitude of the original transmitted digital signal shown in Figure 4.46a is 5 V. This highlights 

the ability of the circuit to adjust the received signal to the desired amplitude level by simply 

adjusting the Vcc. The delay in between the transmission and the replication of the signal is 

0.02 µsec.  

Figure 4. 47: Comparison of communication signal at different stage (a) transmitted digital 
signal (b) opto isolator output signal (c) transceiver received signal. 

 

The opto-capacitive coupler enhances the safety for both equipment and users as it prevents 

accidental lines crossover of lines voltage signal to communication circuit and subsequently to 

the transceiver. The validation of this aspect is performed using the model in Figure 4.47 in 

which a hypothetical scenario of a surge arrestor failure resulting into surge wave crossing 

over into the coupling capacitor towards the transceiver. To assess the impact of the surge 

onto the system, analysis is done regarding the behaviour of the circuit during the fault. In 

general, a surge results from high impedance fault, lightning discharge on lines, and switching 



148 
 

transients. A surge is characterised by short overvoltage rise in range of microseconds and 

also by a high voltage gradient (Mirra et al., 1997; Piantini, 2008; Ishii et al., 2013). 

 

 
Figure 4. 48: Opto-capacitive coupling circuit diagram with lightning discharge on line. 

 

The model in Figure 4.47 is simulated in PSIM with the introduction of a 1 kV surge occurring 

at 0.5 µsec for 0.02 µsec time interval and travelling through the coupling capacitor. The surge 

signal, shown in Figure 4.48a, affects the unfiltered communication signal received from the 

line as shown in Figure 4.48b. From the latter, an overshoot of 1 kV is observed onto the 

communication signal. The surge does affect the filtered signal as well, as shown in Figure 

4.49a, where the communication signal is completely distorted with increased amplitude, and 

discharge time is delayed. Figure 4.49b shows a continuous high-level status in the output of 

the buffer circuit, which keeps the opto-isolator output in high-level throughout the surge period 

and the discharge of circuit components. Figure 4.49c shows the signal received by the 

transceiver during the fault. The signal has an amplitude that should show a normal 

communication signal, however, the signal is completely distorted which will be interpreted as 

a communication error. The damaging surge signal does not reach the transceiver and 

therefore the surge is seen as a communication error. Thus, providing a complete electrical 

isolation between the line and the communication equipment subsequently users.  



149 
 

 
Figure 4. 49: Signal response at the coupling point, (a) surge signal; (b) unfiltered signal. 

 

Figure 4. 50: Signal response at the reception side (a) filter output signal; (b) opto coupler input 
signal; (c) received signal at the transceiver. 
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4.4  Conclusion  

In this chapter is proposed and designed an intermediate low voltage direct current distribution 

network for sparse electrified areas interconnection. The system is a bottom up network, 

starting from the nanogrids that interconnect to make a microgrid. The nanogrids considered 

are AC diesel generator which are interfaced to the DC microgrid via AC/DC converters. Each 

nanogrid is expected to supply its own local loads and export the surplus of its production to 

the microgrid bus for power sharing with other nanogrids. A voltage of 0.4 kVDC is used for 

microgrid formation, as from the literature 0.4 kVDC proved to be efficient in application for 

power supply to data centres.  

Microgrids are themselves interconnected through intermediate voltage direct current network 

of 3 kV. The voltage is selected due to its wide use in railways system, thus making it much 

easier in regards of equipment and standards. The interconnection of microgrid allows load 

sharing through power exchange. As the microgrids are sparse, the interconnection 

implements the “Olympic ring” microgrid based grid extension discussed in chapter two.  

Nanogrid converter is designed with modularized topology to allow easy and economic repair 

as only affected module should be replaced if needed. Proposed converters are modelled and 

simulated using PSIM. Results show that the design criteria set are met by the converters. 

Furthermore, the nanogrid overall control algorithm for operation is designed. The controller is 

based on continuous monitoring of power and the request from the microgrid.  

Microgrid converter and overall control are developed to allow power exchange between 

microgrids should the need raise. Power line communication technology is used for 

communication between the converters and controllers, hence the opto capacitive coupler for 

DC nanogrid is designed in this chapter for a safe operation of controller over power lines. The 

concept is simulated in PSIM environment.  
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CHAPTER FIVE 
SIMULATION AND ANALYSIS 

5.1 Introduction  

Intermediate low voltage direct current systems for interconnection of sparsely electrified 

areas, as proposed in chapter four, builds upon multiple neighbouring nanogrids that are 

interconnected to form a local 400 VDC microgrid. Thereafter, sparse DC microgrids form a 

minigrid through a 3 kV intermediate low voltage DC network. The minigrid is connected to the 

utility through a converter.  

In this chapter, the proposed ILVDC network system is simulated using DIgSILENT 

PowerFactory software version 15.1.7. For more than 30 years, DIgSILENT provides an 

environment for modelling, simulation, and analysis of power system networks: generation, 

transmission, distribution, and industrial network. Various studies have used it for analysis of 

distribution network (Schinke & Erlich, 2018; Marzal-Pomianowska et al., 2016; Heslop et al., 

2014). Moreover, due to its standard library of electrical equipment and models make it a 

perfect tool for network studies. Hence, load flow study and short circuit analysis are performed 

for each microgrid as well as the minigrid. Simulation parameters used are obtained from 

chapter four and adjustments are made for clarity.   

Three microgrids with 100 kW generation capacity each are considered for the formation of a 

minigrid operating at an intermediate low voltage direct current of 3 kV. The minigrid network 

interconnects all microgrids for power sharing among each other and for utility grid integration. 

The microgrids are identified as microgrid 1, 2, and 3 respectively. A similar identification 

method is used for nanogrids and local loads.  

5.2 Microgrid 1  

5.2.1 Description  

The microgrid is modelled with a component from DigSilent library, therefore some of the 

parameters calculated in chapter four are ignored or adjusted. The model for microgrid 1 is 

shown in Figure 5.1. It consists of three nanogrid generators, nanogrid loads, and generals 

loads representing consumers connected to the microgrid. Converters are used to interface 

each nanogrid to the 0.4 kV DC microgrid bus bar and are also used as an interface for 

consumers connected to the microgrid.  

A radial network topology is used due its low cost and proven efficiency in rural electrification 

as discussed in chapter two, section 2.3. Nanogrid local loads are supplied through their 

respective 400 V AC terminals, to which respective nanogrid generators are connected. The 

nanogrid generators are modelled as synchronous machines, which replicate the diesel 

electric power generator initially intended as presented in chapter four.  
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Figure 5. 1: Microgrid 1 model. 
 

The total amount of dispatched power within the microgrid amounts to 100 kW. Note that the 

three nanogrids represent multiple small nanogrids within the microgrid as described in chapter 

four. However, for simplicity and clarity they are grouped to be represented by only three 

nanogrids and their local loads in addition to the general loads. Table 5.1 shows values of the 

load demand within the microgrids. The nanogrid generators are expected to supply power to 

the general loads without compromising on their own local loads while at the same time avoid 

overloading. Figure 5.2 shows a snapshot of the data of nanogrids synchronous generators 

within the microgrid 1. The dispatchable power from the nanogrids generator 1, 2 and 3 are 33 

kW, 31.5 kW, and 35.5 kW respectively.  

                Table 5. 1: Microgrid 1 loads demand. 
 

Load Power (kW) 

Nanogrid1_load  
2.25 

Nanogrid2_load 
2 

Nanogrid3_load 
4 

General_load 1 
20 

General_load 2  
9 

General_load 3 
3 

Low voltage Load  
4.75 
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(a) 

 

 
(b) 

 

 
(c) 

 
Figure 5. 2: Microgrid 1 generator data of nanogrids a) 1  b) 2  and c) 3. 
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Thyristor-based power electronics transformerless converters are used as an interface 

between the microgrid bus bar and the nanogrids terminals. The first nanogrid terminal 

(nanogrid1_Trm), second nanogrid terminal (nanogrid2_Trm), and the third nanogrid terminal 

(nanogrid3_Trm) are connected to the 0.4 kV DC microgrid bus through a 25 kW converter 1 

(Conv_1), 30 kW converter 2 (Conv_2) and 25 kW converter 3 (Conv_3) respectively. It is 

assumed that any AC load part of general loads should be connected through the converter in 

inversion mode. However, for clarity and simplicity only the low voltage load (Load 4) is 

connected through a PWM converter for validation of the fact of power flow from the DC bus 

to AC loads connected to it. Figure 5.3 shows the converters specification used for simulation. 

Converter 1 and 3 have same the rated power of 25kW, but different firing angle control 

characteristics. The current is the controlled characteristic used for firing angle control of all 

the tree nanogrid converters.    

(a)                                                                        (b) 

 (c)                                                                               (d)       

Figure 5. 3: Microgrid 1 converters settings a) conv_1, b) conv_2, c) conv_3 and d) conv_4. 
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5.2.2 Microgrid 1 load flow simulation results 

Load flow analysis is performed on the microgrid 1 model described in section 5.2.1. The aim 

is to monitor and analyse the voltage at all buses and terminals if they are within required 

range. The loading of nanogrid generators is analysed in respect to connected loads. The load 

sharing amongst nanogrids is analysed as well.   

Figure 5.4 shows the load flow voltage profile at the nanogrid terminals within microgrid 1. 

Here, all the nanogrids are generating 0.4 kV to supply their local and microgrid loads. From 

the nanogrids terminals, the local loads are supplied at the same voltage while microgrid loads 

(General loads) connected to the 0.4 kV DC bus bar are supplied through converters.  

 

 

Figure 5. 4: Voltage profile of nanogrid generators within microgrid 1. 
 

Power produced by each nanogrid generator is shown in Figure 5.5. The nanogrid 1 generator 

produces 16 kW, the nanogrid 2 generates 15.6 kW, and nanogrid 3 supplies 17.6 kW. The 

total power demand of local loads amount to 10.7 kW versus the 38.5 kW consumed by general 

loads connected to the DC microgrid. This amount of power demand by the general loads is 

more than the generating capacity of a single nanogrid generator. This is the reason for the 

interconnection of nanogrids to increase the capacity.  



156 
 

 

Figure 5. 5: Power generated by nanogrids within microgrid 1. 
 

The interconnected nanogrid generators proved to be able to simultaneously sustain their local 

loads and general loads within the microgrids. Figure 5.6 shows the power demand profile of 

the loads within the microgrid. The general loads which represent the costumers connected on 

the microgrid take a lot of what is produced by the nanogrid generators without overloading 

them as shown on Figure 5.7. The nanogrid 3 generator is the most loaded, 63.8%, while 

nanogrid 2 and 1 are loaded at percentages of 57.6% and 58.1% respectively.  

Despite having different loading percentages, the contribution in power supply of each 

nanogrid generator towards the general loads connected to the microgrid is the same, as 

shown on Figure 5.8. For a total demand of 38.5 kW exported to the microgrid through the 

nanogrid converters, each single nanogrid contributes 12.8 kW. The difference in the total 

power generated by the individual nanogrid rises from the local loads as the generators 

individually take care of their nanogrid loads. This is in line with the strategy of interconnecting 

electrified areas to increase the capacity to the level of being able to supply the other loads 

(the household without a generator) as elaborated in chapter four.  

The loading of nanogrid generators is an essential characteristic for the control at nanogrid 

level as mentioned in the previous chapter in section of nanogrid overall control. The controller 

for the nanogrid consider the loading before allowing power export to the microgrid in turn to 
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the general loads. A certain limit on power exported is observed to avoid the overloading of 

the nanogrid generator. Hence, the monitoring of this parameter.  

 

Figure 5. 6: Power demand profile of all loads within Microgrid 1. 

 

 

 

Figure 5. 7: Loading of nanogrid generators in Microgrid1. 
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Figure 5. 8: Profile of power export through nanogrid converters within Microgrid 1. 
 

 5.3 Microgrid 2  

 5.3.1 Description  

The Microgrid 2 as modelled in the DigSilent PowerFactory is shown Figure 5.9. It consists of 

four nanogrids with their respective generators, local loads, microgrid bus connected loads, 

and converters. Nanogrids are interconnected through a 0.4 kV DC bus to form the microgrid. 

Converters are used as an interface for the nanogrids integration to the DC microgrid. The total 

dispatched capacity within microgrid 2 is set to be more or less 100 kW. 

 

Figure 5. 9: Microgrid 2 model. 
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The four nanogrid generators used are synchronous generators named as Nanogrid21_Gen, 

Nanogrid22_Gen, Nanogrid23_Gen, and Nanogrid24_Gen. Their generation capacity is that 

of 35kW, 45kW, 10kW and 10kW, respectively. These values represent the distributed range 

of generating unities within the microgrid, which depict the disparity of generation capacities in 

dispersed electrified areas as discussed in chapter one and four. Figure 5.10 shows the 

simulation parameters of the four synchronous generators in microgrid 2.  

Loads considered are local loads and the microgrid bus loads. The local ones are loads directly 

supplied by the nanogrids through their 0.4 kV AC terminal. These are Nanogrid21_load, 

Nanogrid22_load, Nanogrid23_load and the Nanogrid24_load. They represent, as explained 

in the previous chapter, the loads of household to which the nanogrid generator is attached. 

Microgrid loads General load21, load22 and load23; in the same context, represent the loads 

attached to the microgrid bus. These might be unelectrified households which would get power 

by the 0.4 kW DC microgrid bus. They are usually AC loads, hence the connection through a 

converter as illustrated by load (22) and load (23). The general load represents the power 

demand of a set of unelectrified households or small workshops, which would otherwise be 

complex to represent individually. Therefore, for clarity and simplicity, they are presented as 

the general load. Figure 5.11 and Figure 5.13 shows the loads parameters, where the power 

is 1.5 kW, 2 kW, 2.5 kW and 2 kW for Nanogrid21, Nanogrid22_load, Nanogrid23_load and 

Nanogrid23_Load respectively. General Load21, Load (22) and Load (23) power demands are 

18 kW, 9.5 kW and 28.5 kW respectively.  

Thyristor-based converters are used for the integration of nanogrids to microgrid 2. The same 

type converter operating in rectification mode, with specification on a, is used for all four 

nanogrids. The firing angle α of the thyristor used is 42, as calculated in chapter four in the 

designing of the converter operation in rectifier mode. On the other hand, Conv_load (22) and 

Conv_load (23) are sinusoidal PWM based inverters with the power handling capability of 10 

kW and 30 kW. Their settings are shown on Figure 5.12. 

All the converters within microgrid 2 have bidirectional capability. In the event of loss of any 

nanogrid generator, the nanogrid overall control strategy developed in chapter four should 

operate the converter in inverter mode to allow local loads to be supplied from the DC 

microgrid. Thus, achieving mutual support of nanogrids is part of the bottom-up grid extension 

in the concept of swarm electrification. A similar approach is used in microgrid 1 and 3 of the 

intermediate low voltage direct current network under study.  



160 
 

                                          (a)                                                                             (b) 

 

 

                          

                                      (c)                                                                      (d)  

 

Figure 5. 10: Microgrid 2, generator data of nanogrids:  a) 1, b) 2,  c) 3  and d) 4. 
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(a)                                                                                (b) 

                                   (c)                                                                                     (d) 

Figure 5.11: Local loads data of: a) Nanogrid21, b) Nanogrid22, c) Nanogrid23 and d) Nanogrid24  
                                    

 

   
 
                                   (a)                                                                                        (b)                      

 

Figure 5. 12: Microgrid 2 converter settings for: a) Nanogrid and microgrid loads converters.  
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(a) 

 

(b) 
 

(c) 

Figure 5. 13: Microgrid 2 bus load parameters: a) General load 21; b) Load 22 and c) Load 23. 
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 5.3.2 Microgrid 2 load flow  

The load flow simulation of Microgrid 2 model described in the previous section is performed 

using DigSilent PowerFactory 15.1.7. Analysis is done on the voltage profile and power flow in 

different branches and nodes of the network in order to see whether the microgrid behaves 

according to design criteria as developed in chapter four.  

Simulation results of voltage profiles of all the nanogrids terminals in microgrid 2 are shown in 

Figure 5.14. As can be observed from the latter, each of the nanogrid generators within the 

microgrid 2 is generating 0.4 kV which directly supplies its respective local load, and indirectly 

the microgrid connected loads through converters Conv_21, Conv_22, Conv_23 and Conv_24.           

 
 

 
Figure 5. 14: Voltage profile of nanogrid generators within microgrid 2. 

 

As mentioned, the nanogrids generators supply the microgrid connected loads through the 

0.4kV DC microgrid bus. The microgrid loads power demand is shared equally among the 

nanogrid generators within the microgrid. Hence, the total power generated by each microgrid 

is the sum of its own local load power demand and the extra power demand to meet its 

allocated load sharing portion. Figure 5.15 shows the total power generated by each nanogrid 

generator. The nanogrid 21 (Gen_Nanogrid21) produces 17 kW, 17.5 kW for Nanogrid22 and 

Nanogrid24, while Nanogrid24 generator supplies 18 kW.  
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Figure 5. 15: Power profile of nanogrids within microgrid 2 

 

The power produced by the nanogrid generators is distributed among the loads within the 

microgrid 2. Figure 5.16 shows the individual power demand of all the loads within the 

microgrid, the load sharing holds only for power supplied to loads connected to microgrid bus. 

Hence, the total power produced by any single nanogrid generator is a combination of local 

power demand and power exported via the converters. It can be seen from the power demand 

profile that a majority of power produced by the nanogrids is exported to the microgrid bus 

connected loads, namely the General_Load 21, Load (22) and (23). The total demand of these 

loads is equally supported by all the nanogrid generators as shown on the simulation results 

of power exported by each nanogrids through the converters Conv_21, Conv_22, Conv_23 

and Conv_24. Each of the nanogrid generator contributes 14.8 kW towards the microgrid loads 

without compromising its local loads and while avoiding overloading. Figure 5.17 shows 

simulation results of the loading of each nanogrid generator, with a loading of 62.7 %, 72.9 %, 

73% and 72.9% for Nanogrid21, Nanogrid22, Nanogrid23 and Nanogrid24 generators 

respectively.   
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Figure 5. 16: Power demand profile of all loads within microgrid 2. 
 

                   Figure 5. 17: Loading of nanogrid generators in microgrid 2. 
 

The nanogrid overall controllers are responsible for monitoring and controlling the power 

exportation to the microgrid through the converter. They are tasked to initiate or terminate the 
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power exported as discussed in chapter four. The initiation of power export starts upon 

notification from the microgrid requesting the power export from the nanogrid to the microgrid, 

while the termination of the power export process is initiated by the controller as well. The 

condition that leads to termination of power export to the microgrid bus are either due to there 

being no more load connected to microgrid bus or an overloading of the generator. Hence the 

parameter is constantly monitored. 

From the results discussed above, the objectives of power sharing between sparsely electrified 

and unelectrified areas is achieved in microgrid 2 without compromising on the stability criteria 

of nanogrid generators.  

5.4 Microgrid 3 

5.4.1 Description  

Microgrid 4 is, shown on Figure 5.18, like others discussed in previous section of this chapter. 

It is also modelled in DigSilent PowerFactory environment and consist of three nanogrid 

generators namely, Gen_nanogrid31, Gen_Nanogrid32, Gen_Nanogrid33. Nanogrid 

generators are supplying the local loads (Nanogrid31_Load, Nanogrid32_Load, 

Nanogrid33_Load) and the microgrid connected loads (Load 31 and 32) at the same time. 

Power export from nanogrids to the microgrid is achieved through converters (Conv_31, 

Conv_32, Conv_33).  

                                       
                                           Figure 5. 18: Microgrid 3 model. 
 

Synchronous machines are used to model the nanogrid diesel generators as developed in the 

previous chapter.  
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Figure 5.19 shows simulations parameters of all the nanogrids generators within microgrid 3. 

The total installed capacity of the microgrid is 100 kW with Gen_nanogrid31 producing 45 kW 

while Gen_nanogrid32 and Gen_nanogrid33 produce 35 kW and 15.5 kW, respectively. They 

are all 3-phase and generate a line voltage of 0.4 kV which is supplied directly to the nanogrid 

local loads connected to their respective terminals, namely Nanongrid31_Trmn, 

Nanogrid32_Trmn and Nanogrid33_Trmn. Simulations parameters of all the loads supplied 

from nanogrid terminals are show in Figure 5.21 and Figure 5.20 which presents the 

parameters for microgrid bus connected loads (31) and (32).  

The microgrid connected load (31) and (32) are standard asynchronous motors of 5.5 kW and 

3 kW, representing customers with commercial loads such as a milling machine in rural areas 

or electrical sewing machines. Only the steady state of those machine is considered for this 

study.  

                                    (a)                                                                                    (b) 

(c) 

Figure 5. 19: Microgrid 3, data of nanogrids generators: a) 31, b) 32 and c) 33. 
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(a)                                                                       (b) 

Figure 5. 20: Microgrid3 bus connected loads parameters: a) Load (31) and b) Load (32 

 

                                    (a)                                                                                   (b) 

 

(c) 

Figure 5. 21: Microgrid 3 local loads parameters for nanogrids: a) 31 b) 32 and c) 33. 
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Local loads are usually household equipment single-phase AC with low inductive component, 

as can be seen from Figure 5.21. The power factor is close to 1. These local loads are the 

priority for the nanogrid generators and this is ensured by the nanogrid overall controller that 

allows the power export to the microgrid on the condition that local loads are supplied, and 

generators are not overloaded.  

The loads value in microgrid are as follows: 2.5 kW with power factor of 0.95 for Nanogrid 31, 

2 kW with power factor of 0.95 for Nanogrid32 and 4 kW with 0.9 power factor for Nanogrid33. 

The latter does have a night storage heater of 1 kW.  

Converters operating in rectification mode are used as an interface between nanogrids and 

the DC microgrid bus. For clarity and simplicity, the same type of converter is used, and its 

parameters are shown in Figure 5.22a. A 0.4 kV, 10 kVA PWM converter is used as interface 

for microgrid connected loads: Load (31) and (32). Figure 5.22b shows the PWM converter 

parameters used for simulations.    

(a)                                                                              (b) 

Figure 5.22: Microgrid 3 converters parameters for a) nanogrid and b) microgrid connected 
loads. 

 

5.4.2 Microgrid 3 load flow simulation results  

Load flow simulation is performed on the microgrid 3 model described in the section 5.4.1, and 

the DigSilent PowerFactory 15.1.7 environment is used for the simulation with the intention to 

assess the behaviour of the designed microgrid against the set criteria of power export and 

load sharing between the nanogrids as previously discussed.  

Figure 5.23 shows the simulation results of the voltage profile at the terminal of the nanogrid 

generators within the microgrid 3.  
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They are generating 0.4 kV AC voltage which is the desired voltage to supply the nanogrids 

local loads and to supply through the nanogrids converters the 0.4 kV DC microgrid bus 

connected load (31) and (32).    

 

 Figure 5. 23: Voltage profile of nanogrid generators within microgrid 3. 

As mentioned, each nanogrid generator is required to provide power to its local load and loads 

connected to the microgrid through converters. The power profile of all nanogrids within the 

microgrid 3 is shown in Figure 5.24. Nanogrid31 generates 6.1 kW, while Nanogrid32 and 

Nanogrid33 generate 5.8 kW and 8.8 kW respectively.  
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Figure 5. 24: Power profile of all nanogrids generators within microgrid 3. 

 

Power produced is shared between local and microgrid loads through converters, namely 

Conv_31, Conv_32 and Conv_33. From Figure 5.25 taking into account the power demand 

profile of all loads, it is observed that the nanogrid generators are successful supplying power 

to all the loads.  
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Figure 5. 25: Power demand profile of all loads within microgrid 3. 

The power demand from microgrid connected loads is evenly divided among the nanogrid, 

which is well illustrated in Figure 5.25, where it is shown that the power export profile by each 

nanogrid through the converters Conv_31, Conv_32, and Conv_33. It is observed that each of 

the three nanogrids is exporting 3 kW to the microgrid to meet the total demand of 9 kW from 

load (31) and (32).   

The process of power export between the nanogrid generator and the microgrid bus is 

achieved without overloading the generator as shown in Figure 5.26 of all nanogrid generators 

loading. The nanogrid31 generator is loading up to 20.5%, while nanogrid32 and nanogrid33 

are loaded up to 19.9% and 28,7%, respectively. In microgrid 3, like for microgrids presented 

in previous sections, the loading of the nanogrid generator is a key parameter to monitor in 

order to successfully achieve the interconnection of nanogrids to form an operational microgrid. 

Each nanogrid overall controller would interrupt the power export and keep the local loads in 

case of critical loading of the generator according to the machine specifications.   
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Figure 5. 25: Profile of power export through nanogrid converters within microgrid 3. 

 
 
 

 

Figure 5. 26: Microgrid 3 nanogrids generators loading. 
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5.5 Intermediate low voltage direct current minigrid  

The intermediate low voltage direct current (ILVDC) system as proposed in chapter four aims 

for the interconnection of sparsely electrified areas for power exchange and for an eventual 

utility grid connection. In this section, microgrids discussed in the previous section are 

considered as sparse electrified areas to be interconnected to form a minigrid.   

Therefore, the minigrid consists of the three 0.4kV DC microgrids interconnected through a 3 

kV DC network. A DC-DC converter is interfaced between each microgrid and the 3 kV DC 

bus; the converter has bi-directional capability associated to two operation modes, namely, 

boost and buck. It operates as boost for power export to the minigrid and as buck for the 

purpose of importing power to microgrids. The microgrid overall control, discussed in chapter 

four, regulates operations according to actual context in the microgrid. It decides which action 

is to be taken, and if any power exchange is needed between power import or export it decides 

which one to activate and consequently the converter mode of operation.   

Power exchange can be between microgrids themselves or with the utility grid. The latter would 

provide support to microgrids in the event of insufficient generating capacity within the minigrid.  

For the evaluation of the interconnection of microgrids and its impact on individual microgrid 

nanogrids and nanogrids loads involved, three scenarios are considered, and load flow 

simulations are performed on each. The three scenarios are:  

1. All the three microgrid are interconnected for minigrid formation through an ILVDC 

network, with each microgrid considered as self-sufficient.  

2. One microgrid requires power support from the two remaining microgrids.  

3. All the microgrids require power support from the utility grid.  

 

5.5.1 Scenario 1: ILVDC network interconnection for microgrids 

5.5.1.1 Description 

This scenario represents the interconnection of all microgrids in normal operating conditions 

with each microgrid demand versus supply equation balanced. Hence, there is no need for 

power exchange despite being interconnected. The objective is to see the voltage profile of 

the formed minigrid and the loading on its lines. Figure 5.27 shows the 3 kV ILVDC network 

which is linked to the utility 3 kV AC through an AC/DC converter, as modelled in DigSilent 

PowerFactory. Connected on the same bus is a distribution transformer serving utility 

connected customers which is represented by a general load of 2 MW. 
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Figure 5. 27: ILVDC network interconnection with the utility grid. 

 

For the first scenario, all microgrids are connected to the abovementioned ILVDC bus through 

feeders and distributors mostly over headlines. The efficiency and related losses due to the 

lines and other equipment in the network are not the focus of this study. Hence, they have not 

been specifically highlighted, and are instead implicitly embedded with the loads as losses are 

seen as a load from the generator perspective. Therefore, for this scenario, each microgrid is 

connected to the ILVDC network through a modular DC/DC converter as shown in Figure 5.28; 

for microgrid 1, 2, and 3 the converter used is bi-directional modular type. The reason for the 

use of the modular converter is to achieve the desired high voltage level using affordable low 

voltage rated components in addition to easy maintenance and replacement of a faulty 

component without replacing the whole converter.  
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Figure 5. 28: Microgrid 1 interconnection to the ILVDC network. 
 

 

A similar approach is used for microgrid 2 and 3 as shown in Figure 5.29 and Figure 5.30. 

A modular DC/DC converter boosts the 0.4 kV from the microgrid bus up to the ILVDC bus 

voltage level which is 3 kV. Converter harmonics are not considered in this case and an 

assumption is made that the converter harmonics complies within the range stated by the IEC 

61000-3- 2 and IEEE 519 standards. The import of power to the microgrid buck converter is 

considered to have similar attributes with regards to the harmonic standards. Furthermore, in 

modelling the microgrid for buck operation modularity of the converter was not considered as 

the focus is on power flow and voltage profile at the bus.  

Converter simulations settings of both converters are shown in Figure 5.31, for buck operation 

four 25 kA rated modules and a duty circle of 1.9 for the three, and 1.125 for the remaining, 

are used to boost the 0.4 kV to 3 kV, while for the buck operation the duty circle is set at 0.13.  
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Figure 5. 29: Microgrid 2 interconnection to the ILVDC network. 

 
 

 

 

Figure 5. 30: Microgrid3 interconnection to the ILVDC network.  
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(a)                                                                                     (b)  

Figure 5. 31: Microgrid to ILVDC interface converter settings a) Boost mode and b) Buck mode. 

 

5.5.1.2 Scenario 1 simulation results  

A simulation of the network interconnection developed in DigSilent is conducted to analyse the 

behaviour of all components of the microgrids. The voltage profile at the ILVDC bus bar, power 

exchange, and the nanogrids generators loading are the subjects of analysis. As discussed in 

the previous section, this scenario consists of interconnecting microgrids for the formation of a 

minigrid. However, none of them require power imports and the utility grid is disconnected from 

the minigrid. A balanced positive sequence load flow is performed, with an automatic tap 

adjusting transformer for reactive control being considered, and active power control as 

dispatched by each microgrid. The distributed slack by generation is the option used for 

balancing and a maximum of 25 Newton Raphson iteration with automatic adaptation for 

convergence. A maximum acceptable load flow error for the model equation is 0.1%.  

Load flow simulation results are shown in Figure 5.32 in which the voltage profile is at the 

ILVDC bus after the interconnection of three microgrids. The voltage at the interconnection 

bus is 3.1 kV, in the range of 1.05 as required, thus the interconnection for minigrid formation 

is successful. Looking at the loading of each microgrid generator, as shown in Figure 5.33, the 

interconnection does not affect the loading of the generators as in this scenario there is no 

power exchange.  

The generators are supplying nanogrid local loads and microgrid connected loads. The loading 

remain is within the stability range, that is, less than 80% of its generation capacity. For 

scenario one, the proposed network achieves the objectives intended.  
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Figure 5. 32: Voltage profile at the ILVDC minigrid bus. 

 

 

 

Figure 5. 33: Microgrids generators loading. 

 

5.5.2 Scenario 2: Microgrids power exchange through the ILVDC network  

5.5.2.1 Description 

In this case, interconnected microgrids are exchanging power over the intermediate low 

voltage direct current (ILVDC) network. The exchange results from one microgrid requesting 

support from other microgrids. The scenario represents the normal operation of the network, 

which consist of power exchange from one microgrid with enough reserve due to low loading, 

to the other ones with slightly higher demand from their loads. Thus, support is requested from 

other microgrids through their interconnection.  
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Microgrid 2 shown in Figure 5.34 is considered as the subject of scenario two where due to 

the load demand is relatively high compared to microgrid 1 and microgrid 3. The total load 

demand connected on the microgrid 2 bus is 65.1 kW, while for microgrid 1 it is 37.5 kW and 

9kW for microgrid 3. It is clear that microgrid 2 would need much support than microgrid 1and 

that microgrid 3 will be supporting both if need be.  

Note that in terms of loads and machine specification all microgrids are in normal conditions 

as describe in scenario one in the previous section. They are expected to support each other 

to cover the power demand from the loads. The loading of generators and power exchange 

are characteristics of interest in this case.  

It is worthwhile reminding that the microgrids are interconnected through 3 kV by a DC/DC 

converter with bi-directional capability. It operates as a boost converter for power export to the 

ILVDC grid and as a buck converter for power import. During the export, it boosts up the 

microgrids bus voltage from 0.4 kV up to 3 kV the ILVDC network bus voltage.   

Simulations of this scenario as in the previous case are performed using DIgSILENT 

PowerFactory with the stability criteria generator loading set at 80%; Beyond this point the 

generator is considered to be overloaded. The voltage profile is set at 3 kV with permissible 

deviation of 1.05 per unit.  

 

Figure 5. 34: Scenario 2- all microgrid 2 generators on. 
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5.5.2.2 Scenario 2 simulations results  

A. Description  

Two sets of load flow simulations are performed. The first is the normal interconnection of all 

microgrids and the second simulation considers the loss of two generators by microgrid 2. In 

both cases, the loading of generators and power flow in each microgrid are analysed to 

determine the operability of the proposed system for the interconnection and development of 

a grid from bottom-up. 

B. Scenario2A: Normal interconnection of all microgrids  

Figure 5.35 shows the terminals load flow report of microgrid 1. From the report we can see 

that the loading of the nanogrid generators are 36.35%, 40.15% and 35.81% for nanogrid 1, 

2, and 3, respectively. All three nanogrids within the microgrids contribute equally to the 

microgrid formation through the converter by providing 11.15 kW.  

 

Figure 5. 35: Microgrid1 all terminals power flow profile and loadings, Scenario 2A. 

 

The total power contribution by the three nanogrids towards the microgrid 1 bus is 33.6 kW 

while the load demand attached to the bus, namely General loads 1 to 4, amounts to 37.5 kW. 

The power deficit between the microgrid supply and the load demand is provided by the other 

microgrid through the ILVDC network as shown in Figure 5.36 of the microgrid 1 bus power 

flow profile. 4.1 kW is imported from the ILVDC grid through the DC/DC converter, which is 

also observable in Figure 5.37 of the microgrid 3 bus power profile results.  
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Figure 5. 36: Microgrid 1 bus power flow profile, Scenario 2A. 
 

 

An export of 24.5 kW from microgrid 3 through the DC/DC converter towards the ILVDC is 

observed. The exported power from the microgrid comes from the equal contributions of all 

nanogrids within microgrid 3. Each nanogrid, through its AC/DC converter, is exporting power 

towards the microgrid 3 bus with an average of -11.2 kW, which amounts to 33.6 kW in total. 

A small amount of that power, 9 kW, is consumed by the microgrid connected loads while the 

rest is transferred to the ILVDC network. 

 
Figure 5. 37: Microgrid 3 bus power flow profile, Scenario 2A. 



183 
 

The power exported from the microgrid is generated by the three nanogrid generators: 

Gen_Nanogrid31, 32, and 33. Each generator contributes 11.15kW towards the microgrids 

bus in addition to the power delivered to the nanogrids loads as shown in Figure 5.38 of the 

power profile and loading at all terminals within microgrid 3. From the power profile and loading 

results, it can be seen that the power export and the supply to local loads do not overload the 

generators, as loadings of 36.16%, 35.42%, and 41.75% are observed for Nanogrid 31, 32 and 

33 generators.  

 

From the above discussion in scenario two in the case with the normal interconnection of 

microgrids through the ILVDC network, microgrid 3 is exporting 24.5 kW towards the ILVDC 

bus. Knowing that microgrid 1 is importing 4.1 kW, consequently, the remaining 20,4 kW are 

taken by microgrid 2 as confirmed by the microgrid 2 bus power profile results shown in Figure 

5.39. From the Figure 5.40 it is observed that 20.41 kW is imported from the ILVDC bus to the 

microgrid 2 bus through the DC/DC converter.  

The average total load demand connected to the microgrid 2 bus is 65.1 kW. The nanogrid 

generators supply 44.8 kW in total and the deficit 20,4 kW is imported from microgrid 3. The 

loading and power profile of all terminals in microgrid 3 are shown in Figure 5.39. It can be 

seen that the loading of the nanogrids generators is 34,2%, 20.68%, 42.04% and 41.36% for 

Gen_Nanogrid 21, 22, 23 and 24 respectively. From the loading values obtained, it shows that 

power contribution of other microgrids towards microgrid2 demand plays a role in maintaining 

the low loading of the generators. This is clearer with the second set of the load flow simulation 

in the next section, where the unavailability of generators is considered. 

Figure 5. 38:Microgrid3 all terminals power flow profile and loadings, Scenario2A. 
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Figure 5. 40: Microgrid 2 all terminals power flow profile and loadings, Scenario 2A. 

 

 

Figure 5. 39: Microgrid 2 bus power flow profile 2A. 
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C. Scenario2B: Interconnection of all microgrids and loss of generators within 

microgrid 2 

The interconnection of all the three microgrids through the intermediate low direct current 

network simulation results discussed in the previous section shows the interaction between 

the microgrids. Power exchange between microgrid 3 and microgrid 2 is more significant as 

20.41 kW are exported from microgrid 3 to microgrid 2 in order to support it. It has been 

observed that power exchange does not heavily influence the loading onto microgrid 3 

generators, as a small portion of power is supplied to support microgrid 2 generating units.  

In this section, a scenario of microgrid 2 losing two out its four generators and the resulting 

impact on the interconnected microgrids is discussed. Figure 5.41 shows the microgrid 2 model 

upon which the minigrid contingency analysis is based. Gen_Nanogrid21 is considered 

completely out of service as shown by the open circuit breaker while Gen_Nanogrid22 is 

isolated from the microgrid 2 bus yet is still supplying its own local loads. The latter case 

represents the situation where the nanogrid owner decides to isolate her/himself from the 

microgrid 2 bus or in the case of a faulty converter. 

 

 

Figure 5. 41: Scenario 2 microgrid 2 with two generators off. 
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Two simulations of this scenario are performed, the first is performed with microgrid 2 in island 

mode operating with only two generators, Gen_Nanogrid23 and Gen_Nanogrid24. 

Gen_Nanogrid21 is switched off and isolated from the nanogrid21 terminal. This is to represent 

a condition where the generator is not running due to one reason or another, such as fuel 

shortage, faulty conditions, or being intentionally switched off by the owner. On the other hand, 

the Gen_Nanogrid22 is running but is isolated from microgrid 2 bus bar. This isolation might 

represent intentional isolation of the nanogrid by the owner or by the controller or might be due 

to a fault on the converter. The aim for this scenario simulation is to see with certainty the 

impact of losing half of the generation capacity on the rest of the nanogrid generators within 

the microgrid 2. The second simulation is performed with microgrid 2 in the same condition of 

two missing generators, however, is interconnected to the other microgrids. The aim is to 

analyse the contribution of microgrid 1 and 3 towards the stability of microgrid 2 upon the 

interconnection. 

Figure 5.42 shows the islanded microgrid 2 terminals power profile and loading simulation 

results. The loss of Gen_Nanogrid21 and the isolation from the microgrid 2 bus of 

Gen_Nanogrid22 affects the remaining generators. The latter must take up the entire microgrid 

2 demand, which drives the generators into overload condition with Gen_Nanogrid23 going up 

to 99.43% and 98.71% for Gen_Nanogrid24. This overloading drives both generators beyond 

their thermal stability which can result in insulation break up as well as the burn out of the 

machine if overload relay is not operated.  

Figure 5. 42: Scenario2B, Microgrid 2 terminals power load flow profile and loading (microgrid 
2 in Island mode). 
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Meanwhile, the loading within microgrid 3 is 27.04% for Gen_Nanogrid31, 26.29% for 

Gen_Nanogrid32, and 32,67% for Gen_Nanogrid33 as shown in Figure 5.43 microgrid 3 all 

terminals power load flow profile and loading. As microgrid 3 is being interconnected with 

microgrid 1 through the ILVDC network, therefore microgrid 1 is getting power support of 14 

kW from microgrid 3 through the DC/DC converter connected to the ILVDC network as shown 

Figure 5.44 where in microgrid 1 all terminals power flow and loading percentage is shown.   

 
Figure 5. 43: Scenario2B, Microgrid 3 terminals power load flow profile and loading (Microgrid 

2 in Island mode). 

 

 

 
Figure 5. 44: Scenario2B, Microgrid 1 terminals power load flow profile and loading (Microgrid 

2 in island mode). 
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As mentioned, short of two generators and in island mode from the ILVDC network and with 

other microgrids; microgrid 2 remaining generators are overloaded up to 99.43% and 98.71% 

for Gen_Nanogrid23 and Gen_Nanogrid24, respectively. To avoid that overloading and the 

damage associated with it regarding the generators, an interconnection of microgrid 2 with 

other microgrids needs to be done for load sharing.  shows simulation results of the microgrid 

2 power profile at all terminals after interconnection with other microgrids through the ILVDC 

networks. The loading of Gen_Nanogrid23 and Gen_Nanogrid24 drops dramatically to 49.52% 

and 48.83%, respectively. This change is due to the power import from the other microgrid 

through the ILVDC network bus, as shown in Figure 5.46, representing microgrid 2 all 

converters terminals power load flow. 37.14 kW are imported through the microgrid 2 DC/DC 

converter. This power is supplied to the General load (21) demand of 35 kW and the rest to 

the other loads connected onto the microgrid 2 bus.  

 

Figure 5. 45: Scenario2B, microgrid2 all converters terminals power load flow and loading. 

Figure 5. 46:Scenario2B, Microgrid 2 terminals power load flow profile and loading after 
interconnection with ILVDC bus. 
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Part of the power imported by the microgrid is provided by the microgrid 3, which was also 

supplying the microgrid 1 as seen in the previous scenario with microgrid 2 in island mode. 

Microgrid 3 was supplying 14 kW to the microgrid 3 with a loading of 27.04% for 

Gen_Nanogrid31, 26.29% for Gen_Nanogrid32, and 32,67% for Gen_Nanogrid33. The 

connection of microgrid 2 has an impact on microgrid 3 as the latter in addition to its own loads 

must supply microgrid 2. Hence, an increase in the microgrid 3 generators loading is observed 

in simulation results shown in Figure 5.47 of the microgrid 3 all terminal power flow profile and 

loading, where a loading of 43.64% for Gen_Nanogrid31, 42.91% for Gen_Nanogrid32 and 

49.22% for Gen_Nanogrid33 is observed. This shows the load sharing between microgrid 2 

and microgrid 3, which contributes in reducing the stress onto the machines in microgrid 2.  

Figure 5. 47: Scenario2B, microgrid 3 all terminals power flow and loading profile. 

 

The total power exported by the microgrid 3 amounts up to 32 kW out of the 37.14 kW imported 

by the microgrid 2. Each nanogrid within microgrid 3 contributes 13.4 kW towards the microgrid 

3 bus and 9 kW is supplied to the load (31) as shown in Figure 5.48 and Figure 5.49.  

Microgrid 1 contributes the rest of the power needed by microgrid 2, thus 4.31 kW is exported 

through the DC/DC converter of the microgrid 1 bus as shown in Figure 5.50. Each nanogrid 

within microgrid 1 is contributing 13.9 kW, thus making a total of 41.7 kW to supply a load 

demand of 37.5 kW connected to the microgrid 1 bus. There is a complete difference in the 

behaviour of microgrid1 in this scenario 2B, with microgrid 2 connected, compared to the 

scenario 2B with microgrid 2 in island mode. Power export is observed in the latter scenario 

while for the former scenario in island mode a power import of 14 kW was observed. This 

affects the loading of the nanogrids within the microgrid which goes up to 43.8% for 

Gen_Nanogrid31, 43.3% for Gen_Nanogrid32, and 47.6% for Gen_Nanogrid33. 
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Figure 5. 48: Scenario2B, microgrid 3 all converters terminals power load flow and loading 

profile. 

 

 

Figure 5. 49: Scenario2B, microgrid 1 all converters terminals power load flow and loading 
profile. 
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5.6 Conclusion  

In this chapter are performed load flow simulations and analysis of the intermediate low voltage 

direct current systems for interconnection of sparse electrified areas developed in chapter 4. 

The model of the designed network is developed and simulated in DigSilent PowerFactory.  

Three microgrids are considered as sparsed electrified areas and each made up of nanogrids 

diesel generators modelled as synchronous generators in this study. Load flow simulations are 

performed on each microgrid for performance evaluation in terms of generator loading and 

voltage profile.  

For power exchange load flow simulation was performed on interconnected microgrids, with 

two scenarios: the first scenario considered the situation where each microgrid is self-sufficient 

in terms of power generated and consumed by local and microgrid bus connected loads.  The 

second scenario considered a situation where one of the three microgrids needs power support 

from the rest. This scenario was taken into two stages, where for the first stage the microgrid2 

was in island mode and had two of its generators not running. The second stage consisted in 

interconnecting the same microgrid 2 to the rest of microgrids through the ILVDC network.  

Load flow results of scenario showed a successful interconnection of microgrid through ILVDC 

network systems, with 3 kVDC voltage profile observed at ILVDC bus.  

For the scenario 2, the stage one load flow results showed an 90% overloading of the only two 

working nanogrid. This demonstrated the vulnerability of a microgrid in island mode, thus the 

need of interconnection. In stage two of the scenario 2, load flow analysis results showed a 

significance drop in the microgrid2 generators loading and at the same time a moderate 

increase in the loading of the generators of other microgrids.  This demonstrates the 

effectiveness of the interconnection as the power import from the rest of microgrid 

interconnected to microgrid2 through the intermediate low voltage DC network was 

contributing to balance the supply – demand equation in microgrid2 despite the loss of 50% of 

its generation capacity. 
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CHAPTER SIX  
CONCLUSION AND RECOMMENDATION   

 

6.1 Introduction  

 

The purpose of this research was to develop an Intermediate Low Voltage Direct Current 

(ILVDC) interconnection system for sparse electrified areas. The system is part of the bottom-

up grid extension strategy for increasing the electrification rate in sub-Saharan region 

considering the dispersed locations of settlements and off-grid solutions used locally such as 

diesel generator sets. 

6.2 Outcomes of the thesis 
 

This thesis aimed to develop an interconnection system of sparse electrified areas based on 

Intermediate Low Voltage Direct Current (ILVDC) for power exchange on request. This 

interconnection is between neighboring areas, with the nanogrid being the basic entity for a 

microgrid formation.     

In chapter one, are mainly discussed the background of the research, its significance, 

objectives, contribution and methodology used.  

Specific objectives included: 

1. Reviewing the existing theories and practice of power system distribution network, 

the operation and extension for both DC and AC systems.  

 

2. The development of strategies for interconnection of off-grid generation sources 

based on DC network with eventual utility grid connection. 

 

3. Design converter and control strategies of nanogrid for microgrid formation  

 

4. Design converter and control strategies of microgrid for Minigrid formation  

 

5. Design converter and control strategies for minigrid interconnection with the utility 

grid.  

6. Propose a communication system for an Intermediate Low Voltage Direct Current 

network.  

 

7. The development of an Intermediate Low Voltage Direct Current distribution grid 

and perform a load flow analysis. 

 



193 
 

The aim and objectives are achieved and described throughout the chapters: 
 
In line with the first objective, chapter two reviews the power system structure with focus on 

distribution networks operation principles and applications. An overview of network key 

components such as lines, poles and transformers are presented to understand the current 

practices and new trends. Actual and new trends of different types of protection and associated 

communication systems used in distribution networks are also discussed. Network planning 

and extension theories, practices and challenges are reviewed. It is understood that poor 

planning, settlement structure and financial burden are the barrier for electricity network 

extension. Microgrids as one of the solutions prone by reviewed articles are discussed.  

Under the same objective, chapter three reviews the concepts of low voltage direct current, 

with an overview on DC systems. Applications and challenges associated with interruption DC 

faults currents. However, literature shows advancement in the field of DC protection using solid 

state breakers. In same chapter, Low voltage DC system standards, components, control and 

protection as well as the cable are discussed in depth. From the literature, a discordance in 

voltage classification between low and voltage is observed with standard overlapping. 

Therefore, for this research, IEC 60083 voltage range from 2 to 3.9 kVDC usually in application 

for traction system is defined as Intermediate Low Voltage Direct Current range and 3 kV is 

used throughout the thesis. Furthermore, from the literature, there is potential for application 

of low voltage direct current network in Africa for swarm electrification.  

Chapter four focused on objectives from 2 to 6, with the Intermediate Low Voltage Direct 

Current network proposed. The network made up from nanogrids considered as the basic 

entities for the formation of a microgrid. A typical nanogrid consists of an isolated generation 

unit and local loads attached to it. For the formation of DC microgrid, nanogrids are integrated 

through AC/DC converters. The latter are bidirectional to allow power exchange in both 

directions. They are designed and simulated using PSIM and an overall nanogrid control 

strategy is developed. Similarly, a DC/DC converter is designed to integrate the microgrid to 

the ILVDC network. It is a bidirectional converter with two mode operations namely the boost 

for power export from the microgrid to the ILVDC network and buck operation for power import 

from the other microgrids through the ILVDC interconnection system. Microgrid overall control 

is developed and as for nanogrids overall control it relies on the communication system.  

Power line communication system is proposed due to its effectiveness and low cost as power 

lines are used a transmission channel. An Opto-capacitive coupler for nanogrid application is 

designed and simulated in PSIM. 

In chapter five are achieved the objective 7, the load flow analysis of the proposed ILVDC 

interconnection system. The latter is modelled and simulated in DigSilent PowerFactory 
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environment. Load flow is performed for each of the three microgrids involved in 

interconnection separately and a scenario of power shortage in microgrid 2 is created for power 

exchange between microgrids analysis. Results show a successful power exchange within the 

microgrid and between the microgrids.  

6.3 Recommendation  

The Intermediate Low Voltage Direct Current (ILVDC) systems for interconnection of sparse 

electrified are successfully designed and tested through computer simulations. It is feasible; 

however, its implementation starts from the bottom with nanogrids owners. They will be the 

ones to initiate the process and make the funds available for the process at least for the 

microgrid creation. Investors can take over from the microgrid stage for funding and operation 

of the network.  Through those interconnections in "Olympic ring”, a lot of people will have 

access to electricity at low cost.  

Business models should be developed to encourage nanogrids owners to join and for microgrid 

operations and maintenance fund generations.    

 

6.4 Future work   

Further research on Intermediate Low Voltage Direct Current interconnection system should 

look on: 

 Protection system for nanogrids when connected to microgrids as the interconnection 

may cause an increase of fault levels, thus, there is a need for deep study.  

 Protection coordination of interconnected microgrids. 

 Integration of other resources such renewable energy and their intermittence effect on 

dispatching in the network  

 Optimised economic dispatch of microgrids generating unit  

 Business model for optimum operation of the Intermediate Low Voltage Direct Current-

based network for bottom-up grid extension  
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