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Abstract 

 

Context: In recent times, access to electricity in non-interconnected areas has been a 

constant challenge. Therefore, this article evaluates the technical feasibility of implementing 

direct-current (DC) microgrids in these areas, focusing on food conservation. Our evaluation 

focuses on the region of Chacón Playa (Timbiquí) in the Cauca Pacific, Colombia. 

Method: This work analyzes the advantages and disadvantages of DC microgrids vs. 

alternating-current (AC) systems, selecting a radial topology for its simplicity and 

expandability. A simulation is performed in MATLAB-Simulink with a control system based 

on the incremental conductance algorithm, which incorporates solar photovoltaic 

generation, battery backup, power converters, and a load composed of four DC coolers. 

Results: The results and simulations show that DC microgrids are effective in meeting 

voltage and current demands in response to changes in solar radiation and power demand. 

Our findings highlight the ability of DC microgrids to provide a stable and efficient power 

supply suitable for food conservation in non-interconnected areas. 

Conclusions: DC microgrids represent a viable solution to cover energy needs in isolated 

areas. This study supports their implementation as a sustainable and reliable alternative, 

opening new opportunities for the development of regulatory frameworks that facilitate the 

expansion of this type of technology in similar regions. 

Keywords: DC microgrid, MATLAB, non-interconnected zones, distributed generation, 

incremental conductance 

Resumen 

 

Contexto: En los últimos tiempos, el acceso a la electricidad en zonas no interconectadas 

ha sido un desafío constante. Por ello, este artículo evalúa la viabilidad técnica de 

implementar microrredes de corriente continua (DC) en estas áreas, centrando su atención 

en la conservación de alimentos. Nuestra evaluación se enfoca en la región de Chancón 

Playa (Timbiquí) en el Pacífico del Cauca, Colombia.  
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Método: Este trabajo analiza las ventajas y desventajas de las microrredes DC frente a los 

sistemas de corriente alterna (AC), seleccionando una topología radial por su simplicidad y 

capacidad de expansión. Se desarrolla una simulación en MATLAB-Simulink con un 

sistema de control basado en el algoritmo de conductancia incremental, la cual incorpora 

generación solar fotovoltaica, respaldo de baterías, convertidores de potencia y una carga 

compuesta por cuatro refrigeradores DC. 

Resultados: Los resultados y las simulaciones muestran que las microrredes DC son 

efectivas para satisfacer las demandas de tensión y corriente en respuesta a cambios en la 

radiación solar y en la demanda de potencia. Nuestros hallazgos destacan la capacidad de 

las microrredes DC para ofrecer un suministro de energía estable y eficiente, adecuado 

para la conservación de alimentos en zonas no interconectadas. 

Conclusiones: Las microrredes DC representan una solución viable para cubrir las 

necesidades energéticas en zonas aisladas. Este estudio respalda su implementación como 

alternativa sostenible y confiable, abriendo nuevas oportunidades para el desarrollo de 

marcos regulatorios que faciliten la expansión de este tipo de tecnología en regiones 

similares. 

Palabras clave: microrred DC, MATLAB, zonas no interconectadas, generación distribuida, 

conductancia incremental 

 

1. Introduction 

In developing countries such as Colombia, the energy demand is steadily increasing. The 

emergence of new industries, ongoing technological advancements, and efforts towards 

economic reactivation to meet the needs of a growing population have led to a substantial 

rise in electricity consumption. Consequently, there is an urgent need to expand the 

electrical infrastructure, but persistent economic and social crises have played a critical role 

in delaying the implementation of projects aimed at achieving universal access to electricity. 

This challenge disproportionately affects rural areas, where its impacts are most 

pronounced. As a result, the disparity between urban and rural regions continues to widen 

[1], [2]. 

Today, many regions still lack access to electricity or are served by low-quality systems 

characterized by intermittent and unreliable supply. In these areas, the consequences are 

particularly severe since the absence of continuous and dependable electricity significantly 

hinders human development and constrains the social and economic progress of affected 

communities. These areas are known as non-interconnected zones (NIZ), covering 

approximately 52% of the national territory. Out of this total, almost 90% is made up of rural 

areas, while the remaining percentage corresponds to urban areas that obtain electricity 

access through isolated grids, diesel power plants and a few individual generation systems 

based on renewable sources. In rural areas, most of the electricity comes from diesel 

generators, representing about 85% [3]. These data underline a marked dependence on this 

fuel, according to statistics provided by the Institute for Planning and Promotion of Energy 

Solutions (IPSE) for NIZ in 2025. 

The expansion of the interconnected power system to NIZ has been constrained by their 

remote location and difficult geographic access. Even in areas where grid extension has 

been achieved, service quality and reliability are not guaranteed. Consequently, local 
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generation systems have been implemented to provide a limited electricity supply. However, 

these systems exhibit frequent operational failures, resulting in a high dependence on 

diesel-based generation to meet the daily demand. This reliance leads to elevated operating 

costs due to fuel price volatility and the logistical complexity of fuel transportation to remote 

regions, often accessible only by air or river [4]. Furthermore, diesel-based generation 

produces significant CO₂ emissions, contributing to climate change and environmental 

degradation. 

In Colombia, small-scale distribution systems have been developed to operate as 

alternating-current (AC) microgrids with centralized local generation, providing stable 

operation in NIZ. These microgrids are designed to supply electricity in areas that are not 

linked to the national interconnected system, delivering a level of service comparable to that 

of the main grid [5]. Although these systems are technically capable of integrating renewable 

energy sources such as solar photovoltaic (PV), biomass, and micro-hydropower 

generation, most of them continue to rely predominantly on fossil fuel-based generators [6].  

In light of the above, the energy transition has become a strategic priority for the 

Colombian government, aiming to reduce dependence on conventional fossil fuel-based 

generation systems, particularly diesel generators. To this effect, multiple initiatives and 

planning frameworks have been proposed to expand the national electricity coverage while 

promoting the integration of renewable energy sources. Programs such as the Indicative 

Plan for the Expansion of Electricity Coverage (PIEC) have incorporated, in addition to 

individual solutions, the deployment of isolated microgrids. These systems are characterized 

by a reduced reliance on conventional generation and an increased use of environmentally 

sustainable distributed energy resources [7]. In this context, microgrids based on a direct-

current (DC) main bus have emerged as promising alternatives since they facilitate the 

integration of renewable generation sources with low or negligible greenhouse gas 

emissions. 

The relevance of DC microgrids for supplying electricity to remote areas without access to 

the conventional power grid has been demonstrated in several studies. The high penetration 

of renewable energy sources and DC-based energy storage systems allows these 

microgrids to operate autonomously in isolation while avoiding pollutant emissions. Previous 

research includes comprehensive analyses of microgrid deployment in remote areas, 

concluding that DC microgrids exhibit higher efficiency than their AC counterparts [8]–[10]. 

Furthermore, other studies have highlighted that DC systems offer improved controllability 

due to the absence of reactive power and harmonic issues, in contrast to AC microgrids, 

which often depend on diesel generation or conventional grid support and require frequency 

regulation [11], [12]. 

In the context of Colombia’s energy transition, however, the adoption of DC microgrids faces 

regulatory and technical challenges that must be addressed in order to ensure successful 

implementation. Recent advances in power electronics have enabled the development of 

converters that facilitate the direct integration of DC loads and generation units. This 

capability is particularly relevant for meeting essential energy needs in remote areas, such 

as lighting and food refrigeration [13]. 
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In this scenario, DC microgrids play a crucial role. Their integration with clean generation 

sources and power converters, including reducers, boosters and bidirectional devices, 

allows directly incorporating DC loads [13], [14], which, though not widely adopted in the 

country, show potential for increasing efficiency and reducing losses, thus guaranteeing 

quality services in these regions while also satisfying their essential needs. 

This paper presents a technical analysis of a DC microgrid and its implementation in a 

non-interconnected region located in the Cauca Pacific (Colombia), specifically in the area 

of Chacón Playa (Timbiquí). In this context, it is of vital importance to ensure energy supply 

for food conservation, since the main source of economic livelihood in this area derives from 

fishing activities. Thus, our work’s creation and evaluation of the DC microgrid considers the 

essential inclusion of a DC load (e.g., refrigerators) for food preservation. This analysis will 

be complemented with the implementation of a control system based on the incremental 

conductance algorithm, with the purpose of optimizing and efficiently managing the 

microgrid.  

The key contributions of this paper are as follows: 

● Evaluation of the technical feasibility of food preservation in non-

interconnected zones. This paper shows that DC microgrids are an effective and 

stable solution for critical energy needs, specifically the refrigeration of fish products 

in isolated communities. This contribution is fundamental because it addresses the 

socioeconomic problems of a region that depends on fishing for its livelihood but 

currently lacks a reliable electricity service to preserve its food. 

● Design and validation of an optimal control system through simulation. This 

research develops a detailed configuration that uses a radial topology and an 

maximum power point tracking (MPPT) control system. Through simulations in 

MATLAB-Simulink with real solar radiation and temperature data, it is confirmed that 

the system can maintain a constant voltage of 24 V and supply the necessary power 

(288 W) to operate four DC refrigerators—even in the face of climatic changes and 

periods deprived of sunlight—thanks to battery backup. 

● Promoting the energy transition and sustainability in rural areas. Our study 

provides technical evidence that supports the migration from diesel generator-based 

systems (which account for 85% of the energy in the rural areas of Colombia) to 

renewable sources integrated into DC microgrids. This implementation not only 

reduces dependence on fossil fuels and CO2 emissions but also offers a more 

efficient system with lower initial costs than traditional AC microgrids, laying the 

groundwork for future regulatory frameworks in these regions. 

The structure of this article is as follows. Section 2 provides general details on DC 

microgrids, highlights their advantages compared to AC microgrids, and explores their future 

directions. Section 3 details the methodology employed in this research. Section 4 is 

devoted to presenting and analyzing the results obtained, and, finally, Section 5 presents 

the conclusions drawn from our findings. 
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2. Overview and trends in DC microgrids 

 

A microgrid is an electrical system that encompasses a variety of generation 

components, mostly based on renewable sources, but also conventional ones, as well as 

storage centers, loads, power electronics, management, and communication and control 

systems. Unlike the traditional power grid, a microgrid operates on a smaller scale, and its 

main objective is to provide a constant supply of high-quality and reliable energy to a 

community with a low dispersion index who live close to the generation center (i.e., 

distributed generation). Microgrids are located in the vicinity of consumption centers and can 

operate in two main modes: connected to the AC grid or in islanded mode. When operating 

in interconnected mode, there is a flow of energy between the generation systems within the 

microgrid, its components, and the traditional electrical grid. On the other hand, in islanded 

mode, energy is generated and stored only through the generation systems and internal 

components of the microgrid [15]. 

A microgrid manages two types of configurations, which are classified depending on the 
type of current in the main bus connection. 

2.1. AC operation 

In this configuration, the main connection bus operates with AC, which makes it directly 
compatible with the common connection point of the large-scale grid, also known as the 
traditional AC grid. The microgrid is designed to be able to transmit power over long 
distances, benefiting from the ease of transforming AC voltage at different levels. In [16], the 
authors provide a comprehensive review of the operation of these systems, and they 
propose a nonlinear control strategy combined with an efficient energy flow management 
algorithm for a low-voltage AC microgrid integrating a wind turbine, a PV system, and a 
battery energy storage system (BESS). A comprehensive mathematical model of the system 
is developed, and backstepping-based controllers are designed to achieve the control 
objectives, including the maximization of renewable energy extraction, battery storage 
management, and power factor correction at the grid interface. Simulation results confirm 
that the proposed strategy significantly improves energy efficiency, system stability, and 
dynamic performance under variable load and generation conditions. 

2.2. DC operation 

In this configuration, the main connection bus operates with DC, which simplifies the 
integration of renewable generation sources thanks to the reduced use of power converters. 
This system enables the connection to the electrical grid through an inverter for bidirectional 
electrical flow between the DC bus of the microgrid and the conventional grid. This 
technology has positioned itself as an excellent alternative due to the multiple advantages 
compared to AC microgrids. Below are some advantages and disadvantages of this type of 
technology. 

● From a protection perspective, the main advantage of DC microgrids over AC 
microgrids lies in their simpler and more predictable system behavior, resulting from 
the absence of frequency, reactive power, and phase-angle dynamics, which 
facilitates fault detection, protection coordination, and the implementation of adaptive 
protection schemes [17]. 

● In [18], the authors mention some advantages of DC microgrids from the perspective 
of control systems. The paper investigates super-twisting sliding mode controllers for 
dynamic DC microgrid voltage regulation. The proposed control approach aims to 
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enhance robustness against disturbances and load variations while mitigating the 
chattering effects inherent to classical sliding mode control, thereby maintaining 
stable DC bus voltage under dynamic operating conditions.  

● Much of the renewable generation systems and storage facilities (e.g., batteries) 
supply DC power, which simplifies their integration with a DC main bus when 
compared to an AC main bus, which may lead to synchronization difficulties [19]. 

● The DC microgrid exhibits superior reliability in contrast to its AC counterpart. This 
is due to the ability to adjust the DC bus to the system requirements as the number 
of components increases [16]. In addition, these systems have a greater ability to 
operate in islanded mode, which improves their reliability. 

● In [20], the authors presented an intelligent energy management system (EMS) for 
a hybrid microgrid incorporating multiple generation sources, and they examined its 
technical viability and economic performance. The EMS integrates control strategies 
and multilevel grid interface conversion to manage energy flows, enhance power 
quality, and reduce operating costs, demonstrating the benefits of coordinated 
generation, storage, and control in microgrid operation. 

● Regarding the implementation, the size of a DC microgrid tends to be significantly 
smaller compared to an AC microgrid. This is due to the decrease in the required 
conversion components [20]. 

● In systems operating via DC, imbalances in the circulation of electric current are 
prevented through a conductor, thus avoiding the phenomenon known as skin effect, 
which manifests itself in the transport of AC [21]. 

● A significant proportion of electronic loads require DC as a voltage source to operate, 
whereas, for interconnection to an AC system, they rely on an internal rectifier which 
can negatively impact their efficiency. In contrast, DC microgrids offer a direct power 
supply, which results in reduced costs and higher efficiency [22]. 

● In a DC microgrid, the quality of power transmission can experience significant 
improvements since reactive power and frequency must not be regulated, factors 
that influence system performance. In addition, DC microgrids are free of phase 
imbalance and harmonics, which contributes to a more efficient transmission [23]. 

The current development of research works and applications of DC microgrids reflects 
their numerous advantages over AC microgrids, given the technological advances, the 
increase in DC equipment and devices—such as the direct integration of renewable energy 
systems—, and the obvious technical advantages. However, these systems also come with 
challenges and disadvantages that require attention in future research and applications. 
Some of them are listed below: 

● DC microgrids have not undergone an extensive development and research as 
their AC counterparts. This translates into a lack of standardization in voltage 
levels and regulatory frameworks that are essential to defining technical aspects. 
This lack becomes a significant obstacle for a faster transition to the 
implementation of DC microgrids [22]. 

● In a bidirectional power flow, protection techniques continue to be a challenge 
due to the complexity of fault management and the lack of standardization and 
coordination, problems that arise due to the intermittency of renewable 
generation sources. Likewise, DC microgrids generate constant current in only 
one direction, which means that there are no zero crossing cycles, as occurs in 
AC microgrids. This feature complicates the natural extinction of the electric arcs 
that can be generated when contacts are opened in protective devices such as 
circuit breakers [24]. 
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● Microgrids, which on renewable generation sources, often face voltage swings 
and variations. Power generation can be intermittent due to climatic factors and 
the availability of the main resource. Over time, this can complicate the regulation 
of the power supplied. This implies the need to implement backup and advanced 
management systems to mitigate this variability [22]. 

The paragraphs above discussed the main advantages and limitations of DC 
microgrids. Although several challenges remain in their large-scale deployment, the reported 
benefits indicate that these systems are increasingly being regarded as promising solutions 
for a wide range of applications. Driven by ongoing research efforts and technological 
advancements, recent studies on DC microgrids have focused on the integration of 
advanced energy storage technologies such as supercapacitors and high-performance 
lithium-based batteries [25]. These developments allow DC microgrids to efficiently exploit 
weather-dependent renewable energy sources, including solar and wind power, as primary 
generation resources. Consequently, reliance on diesel-based generators is significantly 
reduced, leading to lower CO₂ emissions and mitigating negative environmental impacts, 
including ecosystem degradation and adverse effects on human and animal health. 

Furthermore, the growing adoption of DC-compatible loads and the direct interfacing 
of traditionally AC-based devices without extensive power conversion stages contribute to 
reduced system complexity, lower investment costs, and decreased energy losses [22]. In 
parallel, the emergence of smart grid technologies and advances in automation support a 
more effective operation and management of DC microgrids. Intelligent energy management 
and control systems enable real-time decision-making regarding energy generation, 
storage, and distribution, thereby enhancing system stability and reliability [26]–[28]. 

Additionally, a clear trend towards the deployment of DC generation systems at the 
household and building levels is observed, allowing end-users to manage energy locally and 
participate more actively in electricity markets [29]. This decentralization paradigm is 
particularly relevant for NIZ, where the installation of standalone DC microgrids facilitates 
access to electricity, supports basic community needs, and enables the development of 
productive activities in remote areas, overcoming the limitations of conventional centralized 
infrastructure [30]. Finally, the interconnection of multiple microgrids is being explored as a 
means to improve energy management and configure hybrid systems that combine 
renewable and conventional generation sources, thereby reducing environmental impacts 
while expanding electricity coverage in a coordinated manner [28]. 

In the future, the enactment of new laws and technical standards is expected to foster 
an increased adoption of DC power systems at the local and rural levels, allowing industries 
and businesses to manage energy more efficiently and mitigate the impact of power outages 
on continuous production.  

Another area of research and continued growth involves the integration of electric 
vehicles in the context of DC microgrids. These vehicles operate on DC, where microgrids 
are ideal for charging them, which not only provides a convenient form of charging, but also 
allows their batteries to be used as energy storage devices for the grid. This can be essential 
for balancing demand and power generation in real time [31]. In addition, this trend extends 
to electric marine vehicles, which can take advantage of DC microgrids through systems for 
lighting or cooling needs, DC motors powered by renewable generation sources, or DC 
charging systems [32]. 
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These trends reflect the potential growth of DC microgrids thanks to significant advances 
in research and technological development, in response to an energy transition that seeks 
to reduce environmental impacts while expanding energy availability. This not only improves 
efficiency in urban areas but also meets the needs of rural areas and contributes to their 
social development and access to electricity. 

 

3. METHODOLOGY 

This section first describes the NIZ of the department of Cauca, for which the proposed 
microgrid was designed, emphasizing the main challenges associated with the lack of 
access to reliable and high-quality electricity services. In Colombia, the Pacific is one of the 
regions with the highest concentration of NIZ. Within this area, the department of Cauca 
features three municipalities, i.e., Timbiquí, López de Micay, and Guapi, which are 
particularly affected by limited or intermittent electricity supply [33], [34]. 

Along the Pacific coast of Cauca, the municipality of Timbiquí stands out as one of 
the areas with the highest number of households without access to electricity in the 
department. According to the telemetry report issued by the Institute for Planning and 
Promotion of Energy Solutions for NIZ (IPSE) in 2024, approximately 2196 users in Timbiquí 
lack access to electricity. The municipality also includes the township of Chacón Playa, 
where the absence of continuous and high-quality electricity service has resulted in 
significant social and economic challenges. The following subsection provides a brief 
characterization of the municipality and this NIZ, highlighting the main issues associated 
with inadequate energy access. 

3.1. Description of the municipality of Timbiquí 

 

Timbiquí is located in the western part of the department of Cauca, at approximately 230 
km from the departmental capital, Popayán. Its territory extends for 1813 km2 and has an 
estimated population of about 27 182 inhabitants, according to projections made by DANE 
from the 2018 census. About 74% of its residents live in rural areas, while the remaining 
percentage corresponds to urban population. The predominant economic activities in 
Timbiquí focus on fishing, agriculture, mining, and timber exploitation, making it a 
municipality with an economy based on extractive and primary sectors [35]. In 2017, the 
municipal capital of Timbiquí was interconnected through the San Bernardino-Guapi-Olaya 
Herrera electrical interconnection line at 115 000 V, from the San Bernardino substation in 
Popayán to the Guapi substation. However, the conditions of the layout have imply 
suboptimal service conditions for this population. 

3.2. Description and main problems at the Chacón Playa-Timbiquí district 

Chacón Playa is one of the smallest of the townships in terms of population and 
geographic extension, but it faces profound challenges due to the lack of access to essential 
public services. It is inhabited by about 570 people who reside in the rural areas of the 
municipality of Timbiquí. Chacón Playa's main economic activity corresponds to fishing and 
agriculture. The population is deeply rooted to its environment, as it is highly dependent on 
it for survival. 

Chacón Playa faces difficulties in terms of the availability of essential services for 
community development. The quality of the electricity service is poor and currently relies on 
a 56 kW diesel-fueled generation plant. According to the telemetry report provided by the 
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IPSE in July 2023, there is limited availability of electricity. The average daily electricity 
supply is limited to approximately five hours and 56 minutes in the Chacón region [36]. This 
limitation is evidence of persistent difficulties in accessing quality electricity. These problems 
can be attributed to a number of factors, including price fluctuations in the fuel supply, the 
challenging geographic conditions of the area, and the technical limitations of its power 
generation system. All of these highlight the marked dependence on fossil fuels in regional 
power generation and, as a consequence, the shortages in electricity supply. This 
dependence on fuels has a negative impact on the environment, especially in the Pacific 
Ocean and the region as a whole. 

In addition to the environmental implications, the lack of electrical power poses 
significant challenges for the social and economic development of the local community. The 
absence of refrigerators makes it difficult to preserve food, which is a crucial source of 
economic livelihood. It also results in literacy problems due to lack of access to quality 
education and inadequate healthcare. The lack of reliable energy services has led to 
increased deforestation, as firewood is used as a source of energy for cooking. The 
community is also forced to rely heavily on fuel for transportation and electricity generation. 
These issues continue to perpetuate the precarious living conditions in the Chacón region 
and reflect the urgent need to address and improve access to quality electricity, in order to 
promote sustainable development and improve the quality of life of its inhabitants. 

3.3. Selection of pressing need in the Chacón Timbiquí area 

The availability of refrigeration equipment is essential, since it keeps food products in 
optimal conditions by ensuring adequate temperatures, thus preventing spoilage caused by 
bacteria and pathogens. In the case of foods, it is crucial to keep them at adequate 
temperatures to preserve their nutrients and avoid the proliferation of microorganisms that 
can affect their quality [37]. 

Fisheries play a fundamental role in the economic development of the region and in the 
livelihood of the local community. Therefore, the conservation of these foods takes on even 
greater importance. 

Fish products can be prone to contamination by parasites, which can be controlled by 
using refrigerators and maintaining appropriate temperatures, ensuring that they can be sold 
in perfect conditions [38]. 

In addition to benefiting food preservation, the availability of electrical power and 
refrigeration systems is also crucial for the proper storage of vaccines and medicines. This 
is essential to improving the quality of life in the area and contribute to the general well-being 
of the community. 

3.4. Topology of the DC microgrid 

Once the energy needs of the selected NIZ had been identified, an isolated DC microgrid 
topology was selected to address the urgent need for a reliable and high-quality electricity 
supply. These microgrids can be deployed in close proximity to load centers, which facilitates 
the integration of distributed renewable energy resources. The literature reports several DC 
microgrid topologies for different applications, with their selection depending on key factors 
such as system security, fault resilience, scalability, operational complexity, and overall 
reliability, all of which must be tailored to the specific requirements of the context [13]. 

DC microgrid topologies can be classified according to their structural complexity and 

reliability, including single-bus, radial, ring-loop, mesh, and zonal configurations [19], [22]. 

The selection of a given topology is primarily influenced by its capacity to withstand faults 
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and ensure continuity of service. Table I summarizes the main characteristics of these 

topologies and their typical applications. Among them, the single-bus topology exhibits the 

lowest structural complexity, as all generation units, energy storage systems, and loads are 

connected to a common DC bus. While this configuration offers simplicity in installation and 

operation, it presents reduced reliability due to its high vulnerability to component failures 

[38]. 

In contrast, the zonal topology provides the highest level of reliability, given its ability to 
establish interconnected zones that enable multiple power supply paths to the loads. 
Additionally, this topology allows interconnection with conventional AC grids, offering 
enhanced flexibility in fault management and system reconfiguration. However, these 
benefits come at the expense of increased installation complexity and higher implementation 
costs [19]. 

Table I 

Characteristics and applications for DC microgrid topologies 

Criteria/topology Single-bus Radial Ring-Loop Meshed Zonal 

Difficulty of 
installation 

Low Low Average High High 

Difficulty of 
maintenance  

Low Low Average High High 

Reliability Low Average Average High Very high 

Cost Low Low Average High High 

Dependability Low high High High Average 

Reconfiguration No No Yes Yes Yes 

Response to 
Failures 

Low Low Average High High 

Expansion to 
multiple buses 

X     

Applications Small 
buildings 
and villas, 
isolated 
systems, 

low voltage 
loads 

Low voltage 
domestic 

applications, 
small 

villages and 
isolated 
systems 

Small towns, 
DC 

distribution 
systems 

Distribution 
systems, 

large cities 

Ships, on-
board systems 

 

Based on the characteristics of the different topologies presented in Table I, and 
considering the needs of this project, which seeks to analyze the technical feasibility of DC 
networks in NIZ, as is the case with Chacón, Timbiquí, a radial topology was selected. This 
is because the region is geographically isolated and has limitations regarding 
communication, as well as limited access to electricity due to its dependence on diesel 
energy sources and its lack of connection to the national interconnected system. In this 
context, a system of less complexity and easier maintenance is recommended. A radial 
topology constitutes an excellent option for isolated systems and low-voltage domestic 
applications [40]. In addition, it offers the possibility of expanding to multiple buses through 
series or parallel connections, which significantly improves its reliability. This topology is 
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versatile and can initially operate with a single bus, but it can be expanded to multiple buses, 
which allows sharing power between them and working with different voltage levels [39]. 

The choice of this topology is based on its low installation complexity, ease of 
maintenance, affordability, and suitability for applications in rural areas. It is also important 
to highlight its ability to establish connections with AC grids and its extension to multiple 
buses and points for renewable DC generation. 

4. RESULTS 

After selecting the topology, a DC microgrid was developed which employs a PV source 
and a storage center based on batteries. To this effect, it was essential to verify if the area 
of the village of Chacón in Timbiquí had any availability of primary resources. To carry out 
this verification, the NASA Data Access Viewer was used, which, thanks to the collection of 
data over several years and its historical record, allows evaluating the hours of greatest solar 
irradiance in the study area throughout the year. UMPE solar maps were also used to obtain 
the average annual radiation. 

The data are listed below by database consulted. 

● NASA Data Access Viewer: 
Peak Solar Hour PSH = 4.02Kwh/m2, evaluated between 2021 and 2022. 

● UPME solar maps: Average annual radiation = 3.8 Kwh/m2 

 

Based on the above-presented data, the study area exhibits a significant solar radiation 
potential, which supports the analysis of microgrids powered by PV generation with energy 
storage systems as backup sources. Accordingly, solar irradiance and ambient temperature 
data were collected to characterize the operating conditions and simulate a DC microgrid 
using real environmental data. Daily irradiance and temperature profiles were obtained from 
the Photovoltaic Geographical Information System (PVGIS). Fig. 1 shows that solar 
irradiance is available between approximately 06:00 and 18:00, which is consistent with the 
expected sunrise and sunset times for the analyzed location. The global irradiance curve 
exhibits a smooth bell-shaped profile, reaching its maximum value around solar noon (12:00-
13:00), with peak values close to 700-750 W/m². This behavior reflects the effective 
alignment of the tracking plane with the sun’s apparent motion, maximizing the incident 
radiation during the central hours of the day. 
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Figure 1. Daily irradiance data for Chacón Playa, Timbiquí 

Source: [39] 

 

Fig. 2 illustrates the hourly evolution of the daily average ambient temperature, as 
obtained from the PVGIS database. The temperature profile exhibits a clear diurnal pattern, 
with relatively stable values during nighttime hours and a gradual increase after sunrise, 
followed by a peak in the early afternoon. From a PV performance perspective, this 
temperature profile is particularly relevant, as higher ambient temperatures coincide with 
periods of maximum solar irradiance. This overlap may lead to increased module operating 
temperatures and, consequently, to a reduction in conversion efficiency.  

 

Figure 2. Daily temperature data for Chacón, Timbiquí 

Source: [39] 
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Once the solar irradiance and temperature data had been collected, we selected the 
actual generation equipment for the DC microgrid. The details of the solar panels and 
batteries obtained from the datasheets and considered in the simulation are given below. 

Polycrystalline Solar Module CS6C-145P 

● Brand: Canadian Solar CS6C-145 P 
● Maximum power: Pmax = 145 W 
● Optimum operating voltage: Vmp = 17.9 V 
● Optimum operating current: Imp = 8.09 A 
● Open-circuit voltage: Voc = 22.2  V 
● Short-circuit current: Isc = 8.65A 
● Cells per polycrystalline module: Ncell = 36 
● Operating temperature: -40℃ ~+ 85℃ 
● Power tolerance: ± 3% 

Lithium Battery LFP12V100 12V 100 Ah deep cycle 

● Nominal voltage = 12.8 V 
● Nominal capacity = 100 Ah 
● Cycles at 100% = 2000 
● Cycles at 80% = 3600 
● Energy = 1280 Wh 
● Maximum depth of discharge = 80% 
● Maximum output current = 100 A 

The proposed microgrid is primarily intended to address one of the most pressing needs 
of the area, which is to provide energy for food preservation. Therefore, a DC solar freezer 
was selected as the load to be powered by the DC microgrid. This choice is due to the 
microgrid's focus on operating in isolation and with DC loads, which allows evaluating its 
technical feasibility. 

The technical data of the DC freezer are presented below. 

Solar horizontal freezer 430 liters 24V 

● System voltage = 24 VDC 
● Input voltage range = 21.3 to 31.5 V 
● Deep discharge protection = 22.8 V 
● Power = 72 W 
● Recommended fuse = 7.5 A 

 

Based on the above-presented information, the DC microgrid was designed. The key 
components of this microgrid include a solar PV generation system, composed of four solar 
panels connected in series and in parallel; a storage center based on two batteries 
connected in series; a DC-DC boost converter; a bidirectional DC-DC converter; and the 
specific load to be fed, which, in this case, consisted of four DC solar chillers. Fig. 3 shows 
the microgrid design, which was used to conduct our simulations. 
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Figure 3. DC microgrid design 

 

After developing the microgrid structure, it was essential to ensure a constant power flow 
to the four selected chillers. To this effect, the microgrid had to be equipped with a power 
electronics system comprising converters and their corresponding control systems. These 
components are vital to maintaining proper voltage and current levels in the DC bus, allowing 
each of the chillers to be adequately powered. The boost converter was entrusted with 
raising the voltage of the solar generation source to the values required by the microgrid. 
On the other hand, the bidirectional converter was responsible for supplying controlled 
energy to the batteries and, if necessary, delivering it to the microgrid. In this role, the 
bidirectional converter can act as a step-down buck converter or as a boost converter 
depending on the specific demands of the microgrid. 

The objective was to power four 72 W chillers, which requires supplying a total power of 
288 W. The system was configured to maintain a constant voltage of 24 V on the DC bus to 
power the load, since the microgrid was set at 24 V. To achieve this, it was essential to 
properly size the DC-DC converters (both boost and bidirectional), which had to be able to 
handle the total power of 288 W and guarantee a constant 24 V. 

The calculations for the electrical circuit components of each converter were conducted 
under the standard procedures and equations presented below [40], [41]: 

𝐿 =
𝑉𝑖 ∗ (𝑉𝑜 − 𝑉𝑖)

∆𝐼𝑙 ∗ 𝐹𝑠 ∗ 𝑉𝑜
 

 

(1) 

𝐶 =
𝐼𝑜 ∗ 1 −

𝑉𝑖
𝑉𝑜

𝐹𝑠 ∗ ∆𝑉𝑜
 (2) 
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𝐷 =
𝑉𝑜 − 𝑉𝑖

𝑉𝑜 
 (3) 

 

First, parameters were defined according to the technical datasheet of modules, 
batteries and frezzer presented above. The calculation of the electrical components of the 
DC-DC boost converter of the solar array was conducted using the following equations, 
which are presented with their corresponding results: 

𝑃 = 4 ∗ 𝑃𝑚𝑎𝑥 = 4 ∗ 145𝑊 = 580𝑊 
 

(4) 

𝑉𝑖 = 𝑉𝑚𝑝 = 17.9𝑉 
 

(5) 

𝐹𝑠 = 10𝐾𝐻𝑧 
 

(6) 

𝑉𝑜 = 24𝑉 
 

(7) 

𝐼𝑜 =
𝑃

𝑉𝑜
= 24.17𝐴 

 
(8) 

∆𝐼𝐿 = 0.01 ∗ 𝐼𝑜 ∗
𝑉𝑜

𝑉𝑖
= 0.3240 

 
(9) 

∆𝑉𝑜 = 0.01 ∗ 𝑉𝑜 = 0.24 
 

(10) 

𝐿 =
𝑉𝑖 ∗ (𝑉𝑜 − 𝑉𝑖)

∆𝐼𝑙 ∗ 𝐹𝑠 ∗ 𝑉𝑜
= 0.0014 𝐻 (11) 

 

𝐶 =
𝐼𝑜 ∗ 1 −

𝑉𝑖
𝑉𝑜

𝐹𝑠 ∗ ∆𝑉𝑜
= 0.0026 𝐹 (12) 

 

Here, 𝑃 represents the maximum power of the solar array, while 𝑉𝑖 refers to the voltage 
of a solar module at maximum power. 𝐹𝑠 refers to the switching frequency, and 𝑉𝑜 

represents the expected output voltage—in this case, 24 V. On the other hand, 𝐼𝑜 refers to 

the current to be supplied to the load. In addition, ∆𝐼𝐿 refers to the current variation in the 

inductance, and ∆𝑉𝑜 refers to the voltage rise in the capacitor. 

Finally, the values of 𝐿 and 𝐶 correspond to the data obtained for the inductance and 
capacitance of the boost converter. 

Next, we calculated the capacitance and inductance values of the bidirectional converter 
that is connected to both the battery and the DC bus. These calculations were based on the 
parameters of the solar array and the battery. The results obtained for the electrical 
components of the bidirectional converter are as follows: 

𝑃 = #𝑚𝑜𝑑𝑢𝑙𝑜𝑠 ∗ 𝑃𝑚𝑎𝑥 = 4 ∗ 145𝑊 = 580𝑊 
 

(13) 

𝑉𝑖 = (2 ∗ 12)𝑉 ∗ 0.9 = 21.6𝑉 
 

(14) 

𝐹𝑠 = 10𝐾𝐻𝑧 
 

(15) 

𝑉𝑜 = 24𝑉  (16) 
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𝐼𝑜 =
𝑃

𝑉𝑜
= 24.17𝐴 

 
(17) 

∆𝐼𝐿 = 0.01 ∗ 𝐼𝑜 ∗
𝑉𝑜

𝑉𝑖
= 0.2685  

 
(18) 

∆𝑉𝑜 = 0.01 ∗ 𝑉𝑜 = 0.24   
 

(19) 

𝐿 =
𝑉𝑖 ∗ (𝑉𝑜 − 𝑉𝑖)

∆𝐼𝑙 ∗ 𝐹𝑠 ∗ 𝑉𝑜
= 8.044 ∗ 10−4 𝐻   

 

(20) 

𝐶 =
𝐼𝑜 ∗ 1 −

𝑉𝑖
𝑉𝑜

𝐹𝑠 ∗ ∆𝑉𝑜
= 0.0010 𝐹  (21) 

 

 In these calculations, we emphasized that the variable parameter is the input voltage 
𝑉𝑖, which is equivalent to 90% of the nominal battery voltage. The main purpose of the 
bidirectional converter in this configuration is to maintain a constant voltage of 24 V in the 
microgrid and, if necessary, to take advantage of the battery as a complementary power 
supply. Performing these calculations is essential, as it allows determining the precise 
inductance and capacitance values required to ensure the optimal operation of the 
bidirectional converter for the microgrid and the load requirements. 

Once the sizing of the converters had been completed, it became essential to implement 
a controller to measure the duty cycles of these converters, with the aim of monitoring and 
optimizing their efficiency. To this effect, MPPT control was adopted, which is based on the 
incremental conductance algorithm. The purpose of this strategy was to keep the solar 
system operating at its maximum power point, even in the face of variations in solar 
irradiance or temperature. We mainly aimed to improve efficiency in the conversion of the 
energy absorbed by the solar system. This algorithm focuses on adjusting the voltage of the 
solar system while considering the derivative of the power with respect to the converter 
voltage—this is achieved by constant measurements of the current and voltage in the 
system. The above can be explained with the following equation and the incremental 
conductance algorithm diagram shown in Fig. 4. 

𝑑𝑃

𝑑𝑉
=

𝑑(𝐼𝑉)

𝑑𝑉
= 𝐼 +

𝑑𝐼

𝑑𝑉
𝑉 (22) 
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Figure 4. MPPT incremental conductance algorithm 

Source: inspired by [46] 

The algorithm operates as follows. First, the controller receives the initial values of 
current and voltage from the solar system. Next, the power is calculated, and the converter 
connected to the PV system is initialized to the optimum operating voltage. Then, the 
variations in current and voltage in the converter are calculated. Afterwards, the derivative 
of power with respect to the converter voltage is calculated. Depending on whether this 
derivative is equal to, greater than, or less than zero, the converter output voltage is adjusted 
to operate near the maximum power point. If the derivative of power with respect to voltage 
is not greater than zero, the output voltage is increased. Conversely, if it is greater than zero, 
the voltage is reduced. This algorithm operates in a continuous cycle to keep the converter 
output as close as possible to the maximum power point. 

Once the MPPT control system had been defined, we simulated the microgrid using 
MATLAB-Simulink software and its Simscape complement. A diagram showing our 
proposal’s structure and its different components is shown in Fig. 5. 
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Figure 5. Implementation of our DC microgrid in Simulink 

 

A commercial PV module was selected from the Simulink library, specifically the Canadian 
Solar CS6C-145P, whose electrical characteristics were presented above. The PV array 
was configured using four modules arranged in two series-connected modules per string 
and two parallel strings. 

Simulink also enabled the selection of an energy storage system based on predefined 
characteristic curves. In this study, two lithium iron phosphate (LiFePO₄) batteries—model 
LFP12V100 (12 V, 100 Ah)—were employed and connected in series to form the battery 
bank. The load was modeled as a constant DC load with an active power demand of 288 W, 
representing the operation of four DC coolers. 

A boost converter and a bidirectional DC-DC converter were incorporated into the system. 
The inductance and capacitance values of both converters were calculated analytically and 
implemented in the model. The solar irradiance and ambient temperature inputs to the PV 
module were defined using a step function and a constant value, respectively, based on the 
data obtained from the PVGIS platform for the Chacón-Timbiquí region. 

To enhance the efficiency of the power converters, appropriate control strategies were 
implemented. An incremental-conductance MPPT algorithm was applied to the boost 
converter and developed using a MATLAB function. The initial reference voltage was set to 
0 V, with a maximum voltage limit defined according to the module’s optimal operating 
voltage of 17.9 V and a reference value close to 15 V. For the bidirectional converter, a 
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proportional-integral (PI) controller was employed to regulate the DC bus voltage, with the 
proportional and integral gains set to 0.001 and 0.1, respectively. 

The remaining components of the microgrid, including the switches, filters, measurement 
blocks, DC-DC PWM generators, and comparison elements, were implemented using 
standard Simulink blocks. Once the system architecture had been completed, simulations 
were conducted to evaluate the technical feasibility and dynamic response of the microgrid 
under the specified operating conditions. The objective was to maintain a regulated DC bus 
voltage of 24 V while supplying a constant power of 288 W to the DC load. 

Said simulations were performed over a 24-hour period using time-varying irradiance 
profiles derived from PVGIS data and assuming an average ambient temperature of 25 °C 
for the studied location. 

The simulation results can be seen in Figs. 6, 7, 8 and 9, respectively. 

 

Figure 6. PV system response 
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Figure 7. Battery response 

 

 

Figure 8. %SOC response 

The simulation and the behavior of the microgrid must be adapted to the variations in the 
global irradiance, which was previously shown in Figure 1. In this graphical representation, 
it is observed that the irradiance is zero from 12 am to 6 am. Between 7 am and 7 pm, a 
variation in irradiance is recorded, reaching its maximum value at 1 pm with a total of 722 
W/m^2. Subsequently, between 8 pm and 11 pm, the irradiance returns to zero. It is essential 
that the system is able to operate efficiently under these conditions. 
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Figure 9. DC chiller load response 

 

Fig. 6 illustrates the response of the solar array during these changes in irradiance. 
During periods of high irradiance, the system, with the help of the boost converter and its 
corresponding controller, maintains the voltage close to 24 V, where the current varies 
according to the fluctuations in irradiance. This naturally affects the power delivered by the 
solar array, which also varies according to these changes. 

 

When irradiance is low or zero, the solar array provides little or no power. At these times, 
the batteries come into play as a storage source, wherein the supplied voltage is also 
maintained at a constant 24 V throughout the operation. Here, the current is also adjusted 
according to the presence or absence of irradiance, as shown in Fig. 7. The batteries play 
a crucial role in supplementing the microgrid during hours of low or no solar irradiance, 
serving as a backup source to maintain optimal levels of power supplied to the load. 

Fig. 8 provides a glimpse of the charging and discharging behavior of the batteries, which 
start at 80% charge. In the absence of solar radiation, the batteries gradually discharge by 
supplying power to the microgrid. When solar radiation is present again, the batteries are 
recharged. 

Fig. 8 shows how the four DC coolers are provided with a constant voltage of 24 V, with 
a current of approximately 10 A and a power output of about 288 W. This guarantees their 
operation and demonstrates the technical feasibility of the microgrid to meet the voltage and 
current demands of the chillers in response to changes in solar radiation, with the aim of 
supplying the demanded power. 

This system evidences the potential of DC microgrids to meet the energy needs in the 
region, especially in non-interconnected areas such as Chacón-Timbiquí in the department 
of Cauca. The simulation supports the technical feasibility of providing a reliable and 
essential energy supply in response to the priorities of this area. 
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5. CONCLUSIONS 

This paper demonstrates that DC microgrids constitute a technically superior solution for 
supplying electricity in NIZ, as their architecture reduces the number of power conversion 
stages, resulting in more compact, efficient, and cost-effective systems compared to their 
AC counterparts. By eliminating the need for frequency regulation and reactive power 
management, DC microgrids provide high-quality and reliable electricity supply, particularly 
suitable for geographically dispersed rural communities. The results show that a significant 
reduction in diesel generator dependence—up to 85%—can be achieved, thereby mitigating 
fuel transportation costs and CO₂ emissions. The integration of PV generation with battery 
energy storage systems enables remote communities, such as Chacón Playa, to achieve 
energy autonomy and maintain service continuity even under low or zero solar irradiance 
conditions. Furthermore, the proposed DC microgrid supports critical local economic and 
healthcare activities by enabling reliable food and medical supply preservation through DC 
loads such as refrigeration systems. System feasibility was validated through simulations 
using the incremental conductance algorithm, ensuring stable 24 V regulation to protect 
refrigeration equipment. The adoption of a radial topology facilitates deployment in hard-to-
access areas due to its reduced installation complexity, ease of maintenance, and inherent 
scalability, allowing expansion to multiple buses as community demand increases without 
compromising system stability. Finally, the findings provide technical evidence to support 
the development of regulatory frameworks that promote the adoption of DC microgrids as a 
reliable and sustainable alternative, contributing to national objectives of universal electricity 
access and social development in remote regions of Colombia. 

The future of DC microgrids is shaped by several research and technological 
development directions aimed at addressing current challenges related to standardization, 
efficiency, and system reliability. A key priority involves the development of regulatory 
frameworks and technical standards that define standardized voltage levels and operational 
requirements to enable the safe and accelerated deployment of DC microgrids in isolated 
and remote areas. Advances in energy storage technologies, including high-performance 
lithium-based batteries and supercapacitors, are expected to enhance the integration of 
variable renewable energy sources such as solar and wind power. In parallel, the 
incorporation of intelligent energy management and automation through smart grid 
technologies will enable the real-time control of generation, storage, and load dispatch, 
thereby improving system reliability and operational efficiency. Additionally, a trend towards 
increased decentralization is anticipated, with DC-based generation systems being 
deployed at the household and building levels, allowing end-users to manage energy 
autonomously and participate in electricity markets. The interconnection of multiple DC 
microgrids to form hybrid systems is also envisioned as a means to increase renewable 
penetration, expand coverage, and reduce environmental impacts in a coordinated manner. 
Finally, future research must address the development of advanced protection schemes 
capable of managing bidirectional power flows and fault conditions in DC systems, 
particularly considering the absence of natural current zero crossings, which complicates 
arc extinction in protection devices. 
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