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Abstract—  Wordwide many people live without a connection 

to the electrical network service. The majority of them are in 

rural and remote areas from the utility network. Although off-

grid electrification mode offers alternative solutions, grid 

extension is still the preferred mode of electrification for energy 

access to tier 4. On the other hand, the classic top-down 

approach for grid extension used by many utilities makes it 

difficult, even sometime impossible, for rural communities to 

connect to the grid. Thus need to find alternative approaches for 

the grid extension. This paper presents a network expansion 

strategy  using a Direct Current system. The approach uses the 

swarm electrification concept and the existing off-grid solutions 

in rural communities to develop a grid extension from the end-

users to the grid. The DC system is the backbone of the system. 

The proposed system is modeled and simulated in DIgSILENT 

PowerFactory environment. The simulation results indicate an 

efficient  interconnection of the generation units.  

Keywords— dc grid, swarm electrification, grid extension, 

microgrid, distribution, rural electrification, nanogrid  

I. INTRODUCTION  

The International Energy Agency report indicates that 
moreless 80 % of the population in Africa are not connected 
to the utility electrical power networks [1]. Some of the main 
factors contributing to that situation are the limited power 
resources, utilities in weak financial position, remoteness, and 
sparsity in population density[2]. The later factors make the 
grid extension technically and economically challenging. 
Utilities are reluctant to finance the grid extension towards 
rural areas because of the risk on the return on that investment 
considering the power purchase in rural areas. Consequently, 
individual power solutions such as solar home systems and 
diesel generators are extensively used in rural and urban areas. 
In Sub-Saharan Africa, diesel generators are the preferred 
solution in cities as well as in rural areas; it is an affordable 
solution for power shortages.  

On the other hand, the deregulation in the electricity 
market has allowed independent power producers to emerge 
and the connection of distributed generation resources to the 
utility network. Furthermore, the resurgence of DC 
technology and the set in of the microgrid concept provided a 
new perspective towards the grid extension, consequently to 
energy access solution [3]–[5]. Moreover, with the change in 
the electricity market, a new type of energy users at the 
distribution level emerged: the prosumers. They are 
consumers and, at the same time, power producers with the 
option to inject power into the grid for a fee or other form of 

compensation and sell it to neighbors in peer to peer energy 
trading scheme. However, in third-world countries, especially 
in the sub-Saharan region, the utilities are still vertically 
integrated when it comes to grid extension with some 
variations in management where local communities are 
involved [6]. The review of recent research on microgrids in 
Sub-Saharan Africa [7] revealed an ongoing transition 
towards renewable energy-based microgrids in the region.  
The bottom-up grid extension concept of electrification using 
the swarm electrification approach provides an alternative 
solution to the centralized, top-down model for grid 
extension[8]–[10]. The swarm approach builds on the existing 
off-grid alternatives in the community, such as 
Photovoltaic(PV) Systems, generators, or small wind turbines.  

Various researchers have focused on swarm electrification 
as a solution to energy access for all. In [11], the theory around 
swarm electrification is developed based on early observation 
of the first pilot application in Bangladesh. Furthermore, 
authors in [11] present a comparison of swarm electrification 
approach with other bottom approaches, such as PV system, 
microgrids, that provide energy to off-grid communities. The 
authors show that the swarm electrification-based bottom-up 
approach has the potential to reach high tiers of energy access. 
On the other hand, [12], in their study on swarm electrification 
in Yemen, noticed that improving energy access will not reach 
Tier 4 unless fossil fuel generators are used. In [13], the 
challenges surrounding various approaches for electrification 
in developing countries are explored. The authors highlight 
the minigrid interconnection as a fast, cost-effective, 
sustainable, and future-proof method to increase electricity 
access. However, as observed by the authors, there would be 
a need for a backup generation (diesel-generator) in case 
renewable energies are considered primary resources. In [14], 
a decentralized control method is presented for a cluster of 
interconnected nanogrid. In [14] the control technique used in 
the proposed method is the droop control. It uses the bus 
voltage and the state of charge of energy storage system, to 
coordinate the power-sharing between nanogrids. [15] 
investigated actual guidelines for interconnection of 
minigrid/microgrid for bottom-up electrification, as well as 
the technical challenges associated. The main challenge 
observed by the authors is the lack of synchronization process 
standards. This might result in technical issues such as 
frequency oscillation and other challenges associated with the 
generator's type.  Moreover considering that most of research 
has focused on renewable energy based microgrids, while in 
most of remote communities in Africa the diesel generators 
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are largely used; thus the need to find a solution for the 
integration of those sources in a swarm electrification 
approach and at the same time overcome the technical 
challenges associated with the synchronization process.  

Therefore, this paper presents a bottom-up grid extension 
using a DC network to integrate distributed energy sources in 
a swarm interconnection approach. The method overcomes 
the synchronization challenges and the associated frequency 
stability issues.The paper is organized as follows: the second 
section discusses of the DC system. The third section  presents 
the proposed system. In the fourth section are discussed 
simulations and analysis of results. The fifth section presents 
the conclusion.    

II. DC SYSTEM  

   The first electrical power, generation, and distribution 
system was based on a direct current voltage system. 
However, the shortcomings such as power losses, 
requirements to extend the network to long-distance, and 
safety associated with DC-based power distribution system; 
led to its abandonment in favor of Alternative Current (AC) 
systems[16]. Nowadays, the technological advancement in 
power electronics, protection, and control has made it possible 
to overcome the DC system's early challenges, on top of the 
ongoing increase of renewable energy resource’s footprint in 
the utility network. Thus, the new paradigm towards using DC 
systems in power systems is gaining interest [17]. The 
operating voltage of DC systems are categorized as high for 
voltages range from 30kVDC to 1500 kVDC, as medium for 
voltage range from 1500 VDC to 30 kVDC and as low for 
voltages below 1500VDC.The direct current low voltage 
systems falls under LVDC 72/33/EEC and LVDC2014/3/EU 
regulations[18], [19].Another category of the direct current 
system voltage is between 1,5 kVDC to 3 kVDC , it is considered 
as intermediate low voltage and it is oftenly used in raiway 
transportation[20], [21. However it also finding applications 
in regular electric power distribution networks due to its 
overall benefits[22]–[24]. 

III. THE PROPOSED SYSTEM 

 The idea is to build a network expansion starting from end 
users and considering pre-existing local nanogrids; the latter 
interconnections form microgrids, which are interconnected in 
the “Olympic rings” approach to expand the electrified areas 
and eventually meet the grid. The DC system is the backbone 
of the interconnection. Fig. 1 shows the proposed system. An 
evolutionary approach is used with 4 steps: (1) pre-
electrification step, (2) microgrid development, (3) minigrid 
formation, and (4) Grid interconnection. In pre-electrification 
individual nanogrids are considered based on their respective 
proximity. The nanogrids are interconnected through AC/DC 
converters and networks to form a microgrid in step two. The 
AC/DC converters interface allows the integration of those 
nanogrids with different generator technology, and as in our 
case, as diesel generators are considered, the synchronization 
challenge is avoided. Note that power exchange among the 
nanogrids  within the microgrid is possible and tapping for 
other consumers as well in peer-to-peer energy trading 
context. However, this paper does not discuss the control for 
power-sharing and peer-to-peer control. The LVDC network 
is used for interconnection. The use of DC lines has the 
advantage of low losses and reduced size of conductors. In 
step three, microgrids are interconnected through a DC system 
network for a minigrid formation The bi-directional DC/DC 

converters are used as an interface for microgrids. This 
scheme allows power-sharing between microgrids. The 
minigrid is connected to the grid through a medium voltage 
inverter in the last step towards the grid.  

 

Fig.1. The proposed DC system for bottom-up grid expansion approach. 

IV. SIMULATION AND RESULTS 

The proposed DC system based bottom-up grid extension 
builds upon nanogrids interconnection to form 400 VDC 

microgrids. In turn, the latter are interconnected through a 
3kVDC ILVDC network to form a minigrid and which 
eventually is connected to the grid.  The system is modeled 
and simulated in DIgSILENT environment. Individual 
microgrids are simulated to analyze the behavior of each 
nanogrid participating in the interconnection. Three 
microgrids are considered: microgrids 1, 2 and 3.  

Fig. 2 shows the microgrid 1model as developed in 
DIgSILENT environment. It consists of three nanogrids with 
diesel generators modeled as synchronous generators, 
nanogrid loads, and general loads. The latter represents other 
consumers that are connected to the microgrid through a peer-
to-peer energy trading scheme. The nanogrids are expected to 
supply their local loads and support the general loads without 
overloading themselves. The three nanogrids installed power 
capacities are 33 kW for nanogrid_1, 31.5 kW for nanogrid_2, 
and for nanogrid_3 , 35.5 kW. On Table I is shown the power 
demand in microgrid 1. The cumulative local power demand 
is equal to 8.25 kW while the microgrid connected DC general 
loads amount to 36.5 kW. An individual nanogrid would not 
be able to support that load, therefore the need for nanogrids 
interconnection to form a microgrid. The load flow analysis 
results for the microgrid_1 are shown in Fig.3. The results 
show that the nanogrid 1, 2, and 3 generators produce 16 kW, 
15.6 kW, and 17.6 kW, respectively. The interconnection 
benefit is observed in Fig.4 of microgrid1 nanogrid generators 
loading percentage. All generators are operating in the optimal 
range. The loading of the generator is 58 %, 58 % and 62% 
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for Nanogrid1, Nanogrid 2 and Nanogrid 3 generators, 
respectively.    

 

 Fig.2. Microgrid 1 model. 

TABLE I.   MICROGRID_1 POWER DEMAND. 

Load Power (kW) 

Load Nanogrid_l 2.25 

Load Nanogrid_2 2 

Load Nanogrid_3 4 
General_Load_1 20 
General_Load_2  9 
General_Load_3 3 
Load_4 4.75 

 

        
 Fig.3. Power generated by nanogrids within microgrid 1 

 
Fig. 4. Loading of nanogrid generators in Microgrid 1 

Microgrid 2, as modeled in DIgSILENT is shown in Fig.5. 
Four nanogrids are considering for microgrid 2 formation 
through a 0.4 kVDC network, and AC/DC converters are 
interfaced to nanogrids. The nanogrids considered are 21, 22, 
23 and 24, with installed generating capacities of 35 kW, 30 
kW, 35 kW, and 30 kW, respectively. Table II shows the 
power demand in microgrid 2. In Fig.6 are shown the results 
of the load flow analysis performed on microgrid 2. The 
results are as follows: Nanogrid21 (Gen_Nanogrid21) 
produces 17 kW, Nanogrid22 and Nanogrid24 generate 17.5 
kW each, while Nanogrid23 generator generates 18 kW. All 
the nanogrids share equally the demand as shown in Fig. 7 
the generator loadings are 62.7% for Nanogrid_21, 72.9% for 
Nanogrid_22, 73% for Nanogrid_23, and 72.9% 
Nanogrid_24.The above results show that the interconnection 
is successful and does not compromise the nanogrids 
generator's stability, rather it allows an equal distributed 
loading. 

 

Fig.5. Microgrid 2 model. 

TABLE II.       MICROGRID 2 POWER  DEMAND. 

Load Power (kW) 

Load Nanogrid_21 1.5 

Load Nanogrid_22 2 

Load Nanogrid_23 2.5 

Load Nanogrid_24 2 

General load_21 18 
Load 22  9 
Load 23 28 

 
Fig. 6 . Power generated by nanogrids within microgrid 2 
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Fig. 7. Loading of nanogrid generators in Microgrid 2 

      Microgrid 3 model formed with three nanogrids is shown 
in Fig 8. The three nanogrids are namely Gen_nanogrid31, 
Gen_Nanogrid32 and Gen_Nanogrid33 with generating 
capacity of 45 kW, 35 kW and 15.5 kW, respectively. The 
nanogrids generators are supplying their respective loads 
namely the load of Nanogrid_31,the load of Nanogrid_32 and 
the load of Nanogrid_33,and as well as Load_31 and 
Load_32 connected to the microgrid. The nanogrids power is 
exported to the microgrid through the power converter _31, 
converter_32  and converter 33. Table III shows the power 
demand in microgrids 3. In Fig.9 are shown the results of the 
load flow analysis performed on microgrid 2, the results are 
as follows: Nanogrid 31 produces 6.1 kW, 5.8 kW for 
Nanogrid32 and 8.8 kW for Nanogrid33. The nanogrids are 
sharing equally the power demand from the load 31 and 32 
by supplying 3 kW each. The loading of the nanogrid is 
shown in Fig. 10.  

 

 Fig.8. Microgrid 3 model 
 

TABLE III.       MICROGRID 3 POWER DEMAND. 

Load Power (kW) 

Nanogrid_31_load  2.5 

Nanogrid_32_load 2 

Nanogrid_33_load 4 
Load_31& 32 8.5 

 
Fig.9. Power generated by nanogrids within microgrid 3 
 

 
Fig.10. Loading of nanogrids generators in Microgrid 3 
 
   The minigrid is developed from the interconnection of the 
three microgrids through an ILVDC network. The voltage 
adopted for the interconnection is 3kVDC. Fig.11 shows the 
minigrid as developed and simulated in DIgSILENT Power 
Factory and its connection to the utility. An AC/DC converter 
interfaces the DC network system to the 3 kV AC utility bus 
bar; and a general utility load is also connected on the utility 
bus through a distribution transformer.  

 
Fig. 11. Microgrid interconnection model 
 
Load flow simulation of the minigrid is performed and results 
are shown in Fig. 12 shows the minigrid bus voltage profile 
resulting from the three microgrids integration. A voltage of 
3.1 kVDC is observed at the interconnection bus.The voltage 
is in the range prescribed by the standars. This demonstrates 
a successful iminigrid formation. Fig.13 shows the loading of 
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all the generators within the minigrid after the 
interconnection.It shows that in this particular case, the 
loading of interconnected generators is not affected as the 
microgrids are self sufficient; thus no power exchange 
observed. 
  

 

  Fig. 12. Minigrid bus voltage profile 
 
 

 
 
Fig. 13 Loading of  all generators after interconnection 

V. CONCLUSION  

The lack of access to energy is a challenge in many rural off-
grid communities. The alternative or off-grid solutions are 
insufficient to achieve tier 4 energy access. The grid 
extension is still the preferred mode of electrification. 
However, the existing top-down grid extension approach is 
not efficient. Therefore the need for new approaches for grid 
extension in rural areas. Thus, this paper presents a DC 
system for bottom-up grid extension for rural communities. 
The system uses the swarm electrification concept to 
interconnect the pre-existing  local power resources 
(nanogrids) micogrids to create a pool of energies that 
eventually interconnect in “olympic rings” approach to 
connect to the utility grid. The DC system is the backbone of 
the interconnection.  The system is modeled and simulated 
using DIgSILENT software.The interconnection consists of 
three microgrids , which are made up by nanogrids generators 
and local loads. The generators are modelled as synchronous 
machines.Analysis of load flow simulation results were 
carried out for every microgrid in the minigrid formation. The 
evaluation of microgrids performance using bus voltage 
profile and generator loading as criteria was conducted. The 
overall analysis of the results shows a successful 
interconnection of microgrid through the developed DC 
system. 
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