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Abstract

The early efforts in grid computing started as a project to link supercomput-
ing sites, but have now grown far beyond their original intent. This has led
to the introduction of smart systems such as smart grid for power systems,
and e-health systems for the health sector. The smart grid system has
provided many solutions with regards to energy management, controlling
and monitoring of the electric system, etc. An agent-based system has been
seen to work successfully in electric sectors which involve the use of artificial
intelligence and autonomous actions during the operations and controlling
activities. These significant facts of the agent-based system have led to the
design and implementation of smart systems to reduce human interventions.

In this thesis, controlling and monitoring are the significant aspects of
the provision of an autonomous system in the upper layer of the microgrid.
The proposed approach involves the use of the solar-driven DC microgrid as
a source of power with the capacity of 48V DC. An agent-based control is a
technology used for deploying the load shedding technique with a demand
response scheme, which enhances the sharing of power among individuals.
The target usage is for low voltage appliances such as lighting and charging
activities, which can be applied to the areas without access to electricity.

Firstly, the analysis of the existing applications, simulation platforms,
and algorithms in the agent-based system was done. Secondly, the simula-
tion model based on solar DC microgrid was developed for critical and non-
critical loads. This was further extended to include the demand response
scheme for pricing algorithm to provide flexibility in the model. Using the
simulation model, the requirements for designing and implementation of
the DC microgrid was deduced and the deployment of the prototype was
done to demonstrate the control and monitoring aspects. The test-bed is
designed with low-cost and high-performance devices which concluded the
best usage of the agent-based system. The performance of the proposed
solar DC microgrid was analyzed using energy cost, and scalability. The
advantages and impact of this research can be applied in any community
for the application of various renewable energy systems.
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Sammanfattning

De tidiga insatserna inom grid computing började som ett projekt för att
länka superdatorwebbplatser, men har nu vuxit l̊angt bortom deras ur-
sprungliga avsikt. Detta har lett till införandet av smarta system som
smarta nät för kraftsystem och e-hälsosystem för hälsosektorn. Systemet
för smarta nät har tillhandah̊allit m̊anga lösningar när det gäller energi-
hantering, styrning och övervakning av elsystemet etc. Ett agentbaserat
system har fungerat framg̊angsrikt inom elsektorer som innebär användning
av artificiell intelligens och autonoma åtgärder under verksamhet och kon-
trollaktiviteter. Dessa viktiga fakta i det agentbaserade systemet har lett
till design och implementering av smarta system för att minska mänskliga
interventioner.

I denna avhandling är kontroll och övervakning de viktiga aspekterna av
tillhandah̊allandet av ett autonomt system i det övre lagret av mikronätet.
Det föreslagna tillvägag̊angssättet innebär användning av det soldrivna DC-
mikronätet som en energikälla med en kapacitet p̊a 48V DC. En agent-
baserad kontroll är en teknik som används för att använda tekniken för
belastningsavlastning med ett system för efterfr̊agesvar, vilketökar makt-
delningen mellan individer. Målanvändningen är för l̊agspänningsapparater
som belysning och laddningsaktiviteter, som kan appliceras p̊a omr̊adena
utan tillg̊ang tillel.

Fördet första gjordes analysen av de befintliga applikationerna, simuler-
ingsplattformarna och algoritmerna i det agentbaserade systemet. För det
andra utvecklades simuleringsmodellen baserad p̊a solcells-mikrogrid för kri-
tiska och icke-kritiska laster. Detta utökades ytterligare till att inkludera
system för efterfr̊agesvar för prissättningsalgoritm för att ge flexibiliteten
i modellen. Med hjälp av simuleringsmodellen drogs kraven för utformn-
ing och implementering av DC -mikronätet och utplaceringen av proto-
typen gjordes för att demonstrera kontroll och övervakningsaspekterna.
Testbädden är utformad med billiga och högpresterande enheter som gav
den bästa användningen av det agentbaserade systemet. Prestandan för det
föreslagna solenergimikronätet analyserades med energikostnad och skalbarhet.
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Chapter 1

Introduction

Electricity is one of the important aspects of human daily life activities. To
improve the growth of the countries’ economy, safe and reliable technology
in the provision of smart electricity is one of the factors which has to be con-
sidered. The smart grid is one of the latest technologies in the provision of
an automatic electric network from generation to the end-users/consumers.
It includes features such as self-healing, fault tolerance and detection, auto-
matic voltage and frequency regulation, demand side management, energy
efficiency management and restoration, and automatic load shedding and
pricing. These characteristics of the smart grid have made the customer
side manageable and controllable, hence reduce the operational costs. Ac-
cording to [5], a smart grid is an electric network that can intelligently
and smartly integrate the actions and users connected to it (i.e., generators,
consumers, transmitters, and distributors) in order to deliver sustainable,
economic, and secure electricity supplies. Many countries have started to
benefit from the smart grid and its applications can be seen in different
sectors such as the health and agricultural sectors.

Despite the presence of smart grid for several years now, there are still
many places especially in developing countries whereby smart grid tech-
nologies have not yet been implemented for control and monitor of the cus-
tomer’s side. For example, Tanzania Electric Supply Company (TANESCO)
which is the monopoly company of the electricity in Tanzania, the transmis-
sion side is the part that has been implemented in the process of monitor-
ing and controlling with smart grid solutions. For the primary distribution
side, the smart grid concept is much less developed. Tanzanian government
through the Ministry of Energy has planned to increase the electrification
process from the current 20% to 30% by 2020 [6]. This is reflected in
the Power System Master Plan (PSMP) and Five Year Development Plan
(FYDP) with a target to enhance key infrastructure networks and power
infrastructures to provide affordable energy services that will catapult the
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CHAPTER 1. INTRODUCTION

social and economic development. The fundamental objective is to get sta-
ble power supply in order to achieve economic growth, energy security, and
environmental protection. Also, the use of renewable energies, such as solar
and wind are more valuable in the utilization and provision of electricity in
places without access to the national grid, [7]. In Tanzania, 80% of the area
normally have sun around the year.

The advantages of using solar power is not limited to rural areas but
also urban areas in Tanzania. Many places are suffering from the problem
of power fluctuation and breakout due to low power production. Hospitals
and schools are the most important places which need power throughout
the year, however, is presently not the case in Tanzania. It depends on the
life standard of an individual to have a generator, which is very expensive
and provide noise pollution. The need for having an access to power in the
community at least for IT infrastructures and lightning is significant which
can be obtained from renewable energies.

The future of smart energy is moving toward distributed generation for
local businesses and customers whereby the control and management of en-
ergy is done in an autonomous way. It needs a new set of technologies,
business processes, and way of interaction to make all operate smoothly.
Upon generation and building of industries and infrastructures, the power
factor becomes crucial, hence, arising the need for more generation and
automation processes. As the time passes, smart systems such as smart
houses and smart stations, are introduced and the benefits of using them
are seen in terms of saving money, reducing human workload, and reduc-
ing human errors. Many places in the world implement microgrids in their
communities [8], [9]. Microgrids are the possible practical solution and the
cost-effective way in many areas that are not connected to the grid. For in-
stance, non-traditional power generators (e.g., wind turbines, solar panels,
thermal power/combined heat and power, and small scale diesel generators)
in microgrids are selling electricity to local consumers, ultimately boosting
the electricity market, [10].

The control and management of distributed energy systems using agent-
based systems in the smart grid have been seen to work effectively in the
provision of autonomous actions, [1]. The study in reference [11] pointed out
that agent-based system can be applied in the management of distributed
energy systems including demand side management, storage, and genera-
tion. Other sectors by which agent based system can be applied includes
e-health, transportation, and infrastructure. According to [12], “An agent
is a computer system or a device that is situated in an environment and is
capable of taking autonomous action in this environment to meet its design
objectives”. In this research, there are three agents, namely, solar, storage
and loads (critical loads and non-critical loads) which act autonomously in
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the islanded mode DC microgrid. Each load has its source of power (indi-
vidual source of power) which provides the capability of buying and selling
of electric power. This brings the advantages of modularity, decentraliza-
tion, autonomy, scalability, and re-usability of the system.

With the advantages of agent-based system, the introduction of multi-
agent system (MAS) has been achieved which replaces the use of the su-
pervisory control and data acquisition system (SCADA) in monitoring and
control of microgrid, [13]. Different sectors have demonstrated the benefits
of using MAS in their countries. Among applications which worked suc-
cessfully upon using this technology include: (i) controlling of generators in
the microgrid system at military camp settings done by [14], (ii) schedul-
ing of activities in electric systems done by [15], and (iii) simulation of the
emergency medical services in London by [16]. Therefore, using multi-agent
system leads to efficient proper control, monitoring, and management in the
microgrid.

1.1 Research Problem

The economic growth of developing countries like Tanzania depends on the
reliability of transmission, distribution and consumption of sectors like elec-
tricity and water. Some places in rural areas in Tanzania at present do not
have an access to electricity which hinders the development process. Over
60 % of Tanzanians have no access to electricity and the study conducted
in [17] stated that only 14 % of the population in Tanzania has access to
electricity in rural areas. The funding allocation is low with respect to the
demand for the government to cover electricity needs all over the country
in a very near future. The Tanzania Electric Supply Company Limited
(TANESCO) [18] together with the Rural Electricity Agency (REA) [19]
have made an effort to reach many places in the country but still are not
able to cover the whole Tanzania.

Due to the high demand of power and scatterings of the population in
a country with large geographical area Tanzania, the use of an alternative
energy source is inevitable since it is costly to connect everyone to the grid.
Several initiatives are sensitizing the use of alternatives of energy sources
such as solar and wind to the citizens but unfortunately still, there is a
knowledge gap of the benefit attached to the renewable energy resources.
Several solar companies such as Helvetic solar, Tanzania Renewable Energy
Association (TAREA), and Ensol have invested in providing solar technolo-
gies in Tanzania to supply electricity. These achievements are in line with
the energy policy of Tanzania concerning power savings and technology as
discussed in [20]. Despite of having these in the society of Tanzania, still
there is a need to have a better way on how the problem of electricity can
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be solved.
Many developing countries with the example of Tanzania are facing chal-

lenges in the electric sector which have existed for many years ago. These
can be grouped into two forms, as natural challenges and technical chal-
lenges. In natural challenges, the problems include infrastructures’ aging,
insufficient power production, and increasing power demand. Concerning
technical challenges, the problems are manual operations on controlling and
monitoring processes such as checking the status and health of the batter-
ies (state of charge and death of charge), disconnecting, and connecting of
loads, solar panel status and production, fault detection and manual billing
processes. Moreover, the places with electricity are normally facing break-
out problems and irregular shedding of loads.

Control and monitoring processes in the electric field are fundamental
aspects to facilitate the microgrid network. To master these attributes, dif-
ferent systems and mechanisms are required in handling activities such as
power transmission to end user side of the electrical network. In Tanzania,
the link between the transmissions, distributions, and end-users side based
on the smart grid system has not yet been implemented. No distributed sys-
tems is using an agent-based distributed network to offer smart solutions
to the network. So far, the approach which is used is the SCADA system,
whereby the control and monitoring are done in the centralized manner.
This has led to the use of complex network and requiring large resources
with less intelligence in the system.

The concept of using a decentralized microgrid in the community needs
to emphasize on proper management, controlling, and monitoring aspects
for effective facilitation of activities such as automatic load shedding as well
as demand response with pricing. These attributes have not yet been ad-
dressed using agent-based systems for providing maximum power produc-
tion in community and country at large. There is no clear study made
in management and controlling of microgrid network systems using au-
tonomous agents, to ensure secure and reliable systems. Many users do not
have possibility on how to share the resources they have (energy manage-
ment) and hence reduce the cost, and trim the peak demands. Therefore,
there is presently a strong need for developing and testing a control and
monitoring system for microgrids in rural areas with proper management of
resources.
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1.2 Objectives

1.2.1 General Objective

The main objective of this thesis is to develop and implement a control and
monitoring agent-based system for a DC microgrid in rural areas.

1.2.2 Specific Objectives

(i) Innovation aspect: The existing systems are analysed including needs
and challenges with regards to the control and monitoring of DC
microgrid (powered by photovoltaic elements) using agent-based sys-
tems.

(ii) Validation aspect: An agent-based model is developed for solar-driven
DC microgrid for the load shedding technique and demand response
scheme with pricing.

(iii) Demonstration aspect: An architecture is proposed for the implemen-
tation and application of the load shedding technique and demand
response scheme with pricing for the solar-driven DC microgrid.

1.3 Research Questions

(i) What are the challenges facing the implementations of an agent-based
distributed control on solar-driven DC in the smart grid?

(ii) How does the agent-based algorithm developed for DC microgrid affect
the performance of a smart system?

(iii) How does the architecture of the designed platform for DC microgrid
perform in the load shedding and demand response scheme?

1.4 Research Methodology and Materials

The experimental methodology research used the Challenge Driven Edu-
cation (CDE) methodology [21] in the problem identification. The study
adopted this method for solving real life challenges in the community. The
focus of the challenge is on providing accessibility of affordable and reliable
electricity for the customers to be able to accommodate their lightening and
charging activities.
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1.4.1 Study Area

The selection of the pilot area has been established upon visiting different
potential sites related to the project. The selection focused on the following
criteria: (i) the community with no access to power from the grid; (ii) the
community with the provision of solar power but without smart grid inter-
vention; (iii) the system with challenges such as fault detection, automatic
load shedding technique, and self-healing system in electrical network. With
respect to these features, the selected site is Kisiju Pwani [19] which has the
provision of solar as a power source and serving approximately 70 houses,
small markets, mosques, and street lights. The system has not yet included
any features of smart grid technology.

1.4.2 System Design and Implementation

The design follows the following sequence:

(i) Algorithm: An algorithm is constructed which has to run with differ-
ent parameters and variables such as power generation from PV cells,
variation in solar flux, batteries for storage, electricity distribution,
number of households and types of consumers, e.g. chargers, lightning
and PCs. The algorithm furthermore includes features of demand re-
sponse in pricing to see the effect of the generated model. It focuses
on the challenge based on the automatic load shedding technique to
categorize critical and non-critical loads in the community.

(ii) Simulation: Agent-based simulation tool Repast Simphony [22] is
used. This runs in Java and includes features of visualization (2D
and 3D) and customization of the requirements. The choice of this
tool is mainly due to its proven functionality when using agents.

(iii) Design: In this section, based on Algorithm (i) the experiment with
the features mentioned in (i) using “agents” is designed. These include
solar agent, storage agents and load agents that are in distributed
manner.

(iv) Development: This phase involves the use and testing of the selected
equipment to propose an architecture based on the model.

(v) Based on the experimental approach used, testing, analysis, and per-
formance evaluation are done for the designed prototype. The evalua-
tion metrics are power consumption, cost, memory consumption, and
scalability.
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1.4.3 Conceptual Framework

The methodology of the research is adopted as detailed in Figure 1.1. Each
stage is mapped with the outputs which are referred to as the reports or
publications. The framework shows the concentration areas upon solving
the real challenge with regards to electricity.

Figure 1.1: The conceptual framework for the research work
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1.5 Significance, Focus and Limitations

The focus of this study is on the control and monitoring of the critical and
the non-critical loads and providing the accessibility of sharing available
power among the community. The system will enable serving an off-grid
community which can be integrated in a high voltage AC/DC main grid
when available and sell surplus power to the main grid. It will also enable
optimization of demand response to the consumer side and control on the
distribution and transmission side of the system.

The study demonstrates the effectiveness of the use of agent-based sim-
ulation tool using Repast Simphony platform to glue between the visualiza-
tion results and actual implementations in an electric power network. Then,
on the design and implementation stage, the Jade platform is used with the
microcontrollers to provide intelligence and flexibility of the design. The
work will reduce the human interventions and improve the reliability, secu-
rity and efficiency of the system and hence scalability upon increasing the
capacity.

To make this study more feasible, the study boundaries were set after
making sure that these boundaries would not affect the study objectives.
While the study is focused on how to solve the problem of electricity with
smart control and monitoring within Tanzania and developing countries at
large, setting boundaries is still valid. The study is targeting on provid-
ing power support on the low power DC consumption devices which will
handle two aspects: (i) lightening and (ii) IT infrastructures. These two as-
pects will support small-scale activities in the community such as charging
phones, switches for TVs, radios, lightning of street lights and home bulbs,
etc. It does not focus on high power consumption devices such as electric
cookers, refrigerators, air conditioners, etc. The deployment is limited with
3 houses for the demonstration, i.e., one hospital representing critical load
and two houses representing non-critical loads. However, the model is ca-
pable to run several numbers of houses with different parameters described
by the user.

Moreover, the limitation of this research was confined with a budget for
the equipment and time for the implementation. Other devices, especially
micro-controllers, were very delicate upon running the system. On the mod-
eling stage, some parameters have to be considered constant or neglected
like the geographical area and the distance between loads using GIS. The
design and implementation of the prototype tackled all considerations in-
cluding placing of solar panels in the open area to get maximum power of
production.
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1.6 Research Gap

This work is focusing on enhancing the controlling and monitoring of a solar
driven DC microgrid. The aim of the work is the use of agent-based systems
for developing the model and simulating the results before implementations
on the real system. The approach is to run an algorithm which combines
the automatic load shedding and selling extra power to the main supply.
The algorithm prioritizes the energy flow, reduce the cost, and trim the
peak demands. Table 1.1 described the distinct applications of agent-based
system with respect to this research work. The research includes modeling of
the solar agent, storage agent and load agent to acquire the features of solar
panel, storage and residential loads. The work utilizes both hardware and
software platforms to accomplish the task (Hardware in loop). Furthermore,
the simulated results are extended into real environment through design
and implementation of the architecture. The proposed architecture has
improved features to be used in the community to control and monitor the
DC microgrid.

Table 1.1: State of the art
Work Application Agent-based Software tool Hardware tool
[23] DC microgrid with solar panels

for power sharing among the con-
sumers

No Matlab No

[24] Intelligent HEM system for man-
aging high power consumption
household appliances with DR
simulation analysis

No No HEM dashboard
for simulation
developed in C++

[25] Control event of an external
fault, secure critical loads and re-
synchronize the microgrid in the
main grid

Yes Matlab No

[26] The scheduling model for a mi-
crogrid considering technical and
economic constraints based on
temperature dependent thermal
load modeling

No Matlab No

[27] MAS modeling and control archi-
tecture for a residential DC mi-
crogrid (RDCMG) to minimize
the electricity costs and allevia-
tion of peak load

Yes Repast Simphony No

My research Controlling and monitoring of
a solar driven DC microgrid
for load shedding technique and
power sharing upon extra power
(energy management and dy-
namic pricing)

Yes Repast Simphony,
and Jade

Microcontrollers,
database, relays,
actuators, and
sensors
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1.7 Contributions of the Author

In this section, the author’s contributions of the works are discussed one
by one which are also detailed in the organization of the thesis as shown in
section 1.8.

Paper I.
D.Rwegasira , N.Mvungi, H.Tenhunen, “Agent Based System for im-
proved Control and Monitoring of a Solar Driven DC Microgrid”, PhD
Forum presentation:-2018 IEEE PES/IAS Power Africa, 890-894.
Control and monitoring processes in the electric field are fundamental as-
pects in smart grid. Different attributes, systems and mechanisms are re-
quired in handling activities from transmission, distribution and consumer
side of the electrical network based on advanced technologies. In Tanzania,
there still exists manual operations on distribution side and very little on the
transmission side. Agent based distributed system has been seen to work
successfully which involves the use of artificial intelligence and autonomous
actions during the operations and controlling activities. Therefore, in this
manner, the generated model based on REPAST simulation tool for solar
driven DC microgrid will be achieved to show features of control and mon-
itoring the grid including load shedding technique and demand responses
based on pricing. Furthermore, the design of the prototype based on the
stated features will be implemented. The advantages and impact of the
demonstration can be deployed and used in any community for the appli-
cation of any renewable energy systems.
Author’s Contribution: The Author is responsible in the proposal for
establishing the problems statement, research objectives, methodology, and
general description of the project and subsection of the project. The Author
is also responsible in writing, compiling and presenting of the work both in
the department, college, and in the conference as a PhD concept note.

Paper II.
Diana Rwegasira , Aron Kondoro, Amleset Kelati, Imed Ben Dhaou,
Nerey Mvungi, Hannu Tenhunen, CDE for ICT Innovation through the IoT
Based iGrid Project in Tanzania, IST- Africa 2018 Conference Proceedings,
ISBN: 978-1-905824-59-5.
The research projects in ICT need to embrace new dimensions. Tradi-
tionally, research group work in an isolated manner and is conducted in a
purely academic way. This type of research is outdated and needs to be
more innovative, engaging and address societal challenges from the local
perspective. Quadruple-helix model is a concept that ties together govern-
ment, academia, industry, and society to promote innovation in education.
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Challenge drive education is a graduate course that aims to solve societal
problems in the quadruple-helix model. This paper summarizes the key idea
of challenge driven education to design an intelligent dc microgrid for rural
areas of Tanzania.
Author’s Contribution: The Author is responsible in general description
of the project and the outlines of the subsections of the project, part of the
results which focuses on the control and monitoring using agent-based sys-
tem as my area of research, and the conclusion of the paper. The Author
was also responsible in writing, compiling and presenting of the work in the
conference.

Paper III.
Masoumeh Ebrahimi ; Amleset Kelati ; Emma Nkonoki ; Aron Kondoro ;
Diana Rwegasira; Imed Ben Dhaou; Ville Taajamaa; Hannu Tenhunen,
“Creation of CERID: Challenge, Education, Research, Innovation, and De-
ployment “In the Context of Smart MicroGrid” IST- Africa 2019 Conference
Proceedings, ISBN: 978-1-905824-63-2.
The iGrid project deals with the design and implementation of a solar pow-
ered smart microgrid to supply electric power to small rural communities.
In this paper, we discuss the roadmap of the iGrid project, which forms
by merging the roadmaps of KIC (knowledge and Innovation Community)
and CDE (Challenge-Driven Education). We introduce and explain a five-
gear chain as Challenge, Education, Research, Innovation, and Deployment,
called CERID, to reach the main goals of this project. We investigate the
full chain in the iGrid project, which is established between KTH Royal In-
stitute of Technology (Sweden) and University of Dar es Salam (Tanzania).
We introduce the key stakeholders and explain how CERID goals can be
accomplished in higher educations and through scientific research. Chal-
lenges are discussed, some innovative ideas are introduced and deployment
solutions are recommended.
Author’s Contribution: The Author is responsible in the description of
development of the CDE in the iGrid context and identification of the re-
search gap. The Author also wrote the control and monitoring part of the
paper describing her area of research.

Paper IV.
Diana Rwegasira, Imed Ben Dhaou, Aron Kondoro, Amleset Kelati,
Nerey Mvungi, Hannu Tenhunen. “Load-shedding techniques for micro-
grids: A comprehensive review”, International Journal of Smart Green and
Clean Energy, 8(3), pp. 341-353, 2019.
The increasing interest in integrating renewable energies source has raised
concerns about control operations. The presence of new energy sources, dis-
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tributed storage, power electronic devices and communication links make a
power system’s control and monitoring more complex and adaptive than
ever before. Recently, the use of agent-based distributed control has seen
to have a significant impact on the grid and microgrid controls. The load-
shedding technique is among the features used to balance the power con-
sumption in the power system upon less power production. Towards achiev-
ing these, different mechanisms, algorithms, challenges, and approaches
have been developed and hence need to be reviewed and integrated from
the system solution perspective. This research focuses on the review of the
state-of-the-art load-shedding techniques, whereby the focus is on control al-
gorithms, simulation platforms and integration, and control devices for DC
microgrid. The research also investigates open issues and challenges that
need further investigations. The analyses reported in the paper upholds the
importance of the distributed multi-agent system (MAS) in implementing
distinct control operations including load-shedding. The effectiveness of the
control operations using MAS rely on low-latency and secure communica-
tion links in which IoT has been branded as a promising technology for
implementing distributed MAS
Author’s Contribution: The Author is responsible for the work in de-
scription of the research area, writing the related work, outlining the sub-
sections of the paper, identify the research gap, and documentation of the
open issues/ challenges. The author was responsible in the compilation of
the work before the submission.

Paper V.
Diana Rwegasira, Imed Ben Dhaou, Aron Kondoro, Naiman Shililian-
dumi, Amleset Kelati, Nerey Mvungi, Hannu Tenhunen, “A Multi-Agent
System for Solar Driven DC Microgrid”, Proceedings of the International
Conference on Control, Electronics, Renewable Energy, and Communica-
tions 2017 (ICCEREC 2017), 26 -28 Sept 2017, Yogyakarta, Indonesia, pp
253 –258.
This paper proposes a Multi-Agent System (MAS) modeling and control
architecture for a solar driven DC microgrid. The microgrid consists of
solar system as a source of power, energy storage system, critical and non-
critical houses (loads) with their own solar and storage as well. For the
proposed MAS an individual house can have the ability to sell extra power
to the main solar source. The main solar source can generate power and
provide to the community when needed. The MAS also controls and moni-
tors an automatic load shedding technique to disconnect non critical loads
when there is a deficiency of power supply to the system. The validity of
the objectives are demonstrated by agent based system which runs under
REPAST simulation tool which used successfully three loads: hospital and
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two houses during simulation.
Author’s Contribution: The Author is responsible for the work in terms
of describing the problem and research gap, writing the related works and
outlining the subsections of the paper. The author also enhance the design
process and simulation of the results. The Author is also responsible in
writing, compiling and presenting the work at the conference.

Paper VI.
Diana S.Rwegasira, Imed Ben Dhaou, Anastasia Anagnostou, Aron Kon-
doro, Naiman Shililiandumi, Amleset Kelati, Simon Je Taylor, Nerey Mvungi
and Hannu Tenhunen, “A Framework for Load Shedding and Demand Re-
sponse in DC Microgrid using Multi Agent System”, Proceeding of the 21st
Conference of Open Innovations Association (FRUCT), ISSN 2305-7254,
pp. 284–289, 6-10 November 2017, Helsinki, Finland.
This paper presents a framework of load shedding experiment for a DC Mi-
crogrid using Multi-Agent System (MAS). The microgrid uses solar panels
as source of energy to serve a community without access to electricity. The
generated framework includes modelling of solar panels, battery storage and
loads for effective control and better operation. The loads are classified as
critical and non-critical loads. The agents are designed in a decentralized
manner which include solar agent, storage agent and load agent. The load
shedding experiment of the framework is mapped with the manual opera-
tion done at Kisiju village, Pwani, Tanzania. The results of the experiment
focus on using accurate solar and PV panels which provide: (i) the multi
agent system that runs in the DC microgrid, (ii) the controlling and mon-
itoring of power to be used for critical and non-critical loads and (ii) the
management power in the production process through selling extra power
from an individual load to the storage.
Author’s Contribution: The Author is responsible for the work in terms
of describing the problem and research gap, writing the related works and
outlining the subsections of the paper. The author also enhance the design
process and simulation of the results. The Author is also responsible in
writing and compiling for the conference presentation.

Paper VII.
Diana Rwegasira, Imed Ben Dhaou, Aron Kondoro, Amleset Kelati ,
Anastasia Anagnostou, Naiman Shililiandum, Simon JE Taylor, Nerey Mvungi,
Hannu Tenhunen: “A Demand- Response Scheme using Multi-Agent System
for Smart DC Microgrid” International Journal of Embedded and Real-Time
Communication Systems, vol, 10(1), pp. 48-68, 2-19 (250118- 013311).
This article describes a framework for load shedding techniques using dy-
namic pricing and multi-agent system. The islanded microgrid uses solar
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panels and battery energy management system as a source of energy to
serve remote communities who have no access to the grid with a random-
ized type of power in terms of individual load. The generated framework
includes modeling of solar panels, battery storage and loads to optimize the
energy usage and reduce the electricity bills. In this work, the loads are
classified as critical and non-critical. The agents are designed in a decen-
tralized manner, which includes solar agent, storage agent and load agent.
The load shedding experiment of the framework is mapped with the manual
operation done at Kisiju village, Pwani, Tanzania. Experiment results show
that the use of pricing factor as a demand response makes the microgrid
sustainable as it manages to control and monitor its supply and demand,
hence, the load being capable of shedding its appliances when the power
supplied is not enough.
Author’s Contribution: The Author is responsible for the work in terms
of describing the problem and research gap, writing the related works and
outlining the subsections of the paper. The author also enhance the design
process and simulation of the results. The Author is also responsible in
writing and compiling the work before the submission.

Paper VIII.
Diana Severine Rwegasira, Imed Ben Dhaou, Aron Kondoro, Amleset
Kelati, Hannu Tenhunen, “A Hardware-in-Loop Simulation of DC Microgrid
using Multi-Agent Systems” 2018 22nd Conference of Open Innovations As-
sociation (FRUCT) Jyvaskyla, Finland, 15-18 May 2018, pp 232-237, ISSN
2305-7254.
Smart-grid is a complex system that incorporates distributed control, com-
munication, optimization, and management functions in addition to the
legacy functions such as generation, storage, and control. The design and
test of new smart-grid algorithms require an efficient simulator. Agent based
simulation platforms are the most popular tools that work well in the con-
trol and monitoring functionalities of the power electric network such as
the microgrid. Most existing simulation tools necessitate either simulated
or static data. In this paper, we propose a hardware-in-loop simulator for
dc-microgrid. The simulator reads the power generated by the PV pan-
els and the battery SoC using Raspberry PI. A physical agent that runs on
Raspberry PI sends the real-time data to a dc-microgrid simulator that runs
on a PC. As a proof of concept, we implemented a load-shedding algorithm
using the proposed system.
Author’s Contribution: The Author is responsible for the work in terms
of describing the problem and research gap, writing the related works and
outlining the subsections of the paper. The author also enhance the design
process and simulation of the results. The Author is also responsible in
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writing and compiling the work before the submission.

Paper IX.
Diana Severine Rwegasira, Imed Ben Dhaou, Masumeh Ebrahimi, An-
ders Hallén, Nerey Mvungi, Hannu Tenhunen, “Energy Trading and Con-
trol of Islanded DC Microgrid using Multi-Agent Systems”, An Interna-
tional Journal of Data Science and Engineering- Accepted for publication-
Accepted for publication.
The energy sector is experiencing a revolution that is fuelled by a multitude
of factors. Among them are the aging grid system, the need for cleaner
energy and the increasing demands on energy sector. The demand-response
program is an advanced feature in smart grid that strives to match suppliers
to their demands using price-based and incentive programs. The objective
of the work is to analyse the performance of the load shedding technique
using dynamic pricing algorithm. The system was designed using multi-
agent system (MAS) for a DC microgrid capable of real-time monitoring
and controlling of power using price-based demand-response program. As
a proof of concept, the system was implemented using intelligent physical
agents, Java Agent Development Framework (JADE), and agent simula-
tion platform (REPAST) with two residential houses (non-critical loads)
and one hospital (critical load). The architecture has been implemented
using embedded devices, relays, and sensors to control the operations of
load shedding and energy trading in residential areas that have no access to
electricity. The measured results show that the system can shed the load
with the latency of less than 600 ms, and energy cost saving with an indi-
vidual houses by 80 % of the total cost with 2USD per day. The outcome
of the studies demonstrates the effectiveness of the proposed multi-agent
approach for real-time operation of a microgrid and the implementation of
demand-response program.
Author’s Contribution: The Author is responsible for the work in terms
of describing the problem and research gap, writing the related works and
outlining the subsections of the paper. The author also enhance the design
process and implementation of the results. The Author is also responsible
in writing and compiling the work before the submission.
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1.8 Organization of the Thesis
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Chapter 2

Background

Smart grid and microgrid are the newest technologies for production, distri-
bution, transmission, and energy management in the electric systems. The
need to understand the performance, advantages, applications and future
trends of smart grid and microgrid is significant to different parameters
such as methodologies on the implementation, platforms for simulation and
designs, devices for implementation, security aspects of smart grids, etc.

2.1 Smart Grid and Microgrid System

A smart grid requires an infrastructure to acquire, process, transfer, and
provide information extracted from the physical world. These include dis-
tributed intelligent sensor nodes, smart appliances and smart meters that
interact among themselves and produce outputs. It is an intelligent sys-
tem characterized by different features such as user-friendly, secure system,
assets management, energy management, and forecasting whereby any mod-
ification in the system should not lead to any defects. A smart grid uses
smart technologies for operations, controls, monitoring, and management
of the electric grid from the generation site to the end-users. These are:
(i) real-time data management and visualization, (ii) integration of large-
scale renewable energy and distributed generations, (iii) fast simulation and
modeling, (iv) intelligent protection and control, (v) energy storage man-
agement, (vi) advanced asset management, (vii) planning and construction
of strong ultra-high voltage (UHV) power, (vii) Power system security mon-
itoring, (viii) emergency and restoration control management in the power
system [28], [29], and [30].
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2.1.1 Applications of Smart Grid Technologies

Several studies explained the concept of the smart grid and its advantages
compared to the legacy grid. The author in [31] stated that the smart
grid enables remote agents at the grid computing nodes, and manages user
applications without human interventions. The agents provide capabilities
and actions to handle problems such as fault detection, self-healing, and
load shedding. The research in [32] focused on explaining the successful
control of the smart grid system to the following elements: (1) Voltage and
frequency regulation, (2) Proper load sharing and coordination in the dis-
tributed energy resources, (3) Power flow control between the smart grid
and the main grid, (4) Optimizing the operating cost of the smart grid, and
(5) Synchronization of smart grid with the main grid, [33].

On the other side, control and monitoring techniques in the smart grid
are much of interest nowadays. Intelligent algorithms, platforms and sys-
tem models lead to, among others, an efficient, reliable, autonomous, and
optimal solution from the transmission side to the end-user side. The con-
temporary approach in control, monitoring and optimization in a smart grid
system uses multi-agent systems. Multi-agent systems have provided many
benefits in the grids due to their behaviours and actions upon implemen-
tation. They have reduced much workload as well as human errors, which
later increase the efficiency and reliability of the grid system.

The growing demand for clean and effective electric systems has led
to the deployment of Renewable Energy Systems (RES). The increasing
awareness and usage of renewable energy systems have led to the theory
behind microgrid. The microgrid is better options in the provision of smart
electricity in the villages as well as small cities. To achieve better control,
three states have to be considered, i.e., Transmission side control, Distribu-
tion side control, and Consumer side control. Table 2.1 shows the control
techniques for transmission, distribution and user side for smart grid and
microgrid implementation. It offers different approaches that have been re-
cently used for control and monitoring operations with the distribution side
being the leading area of research for many researchers.
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Table 2.1: Control techniques for smart grid and microgrid implementations
Work Application Techniques and Algorithm

Transmission side

[34] Power flow control Distributed computational intel-
ligence (CI)

[35] Self-healing capabilities on the
grid systems

Adaptive Stochastic Control
(ASC)

[36] Fault detection in the transmis-
sion network sites

Distributed control

[37] Load forecasting and integration
of renewable energies into the
system with a distributed real-
time optimal power flow control

Distributed real-time optimal
power flow (RTOPF) control

Distribution side

[38] Bidirectional active power con-
trol in idea and distorted condi-
tions

Autarkic Control Strategy (AC),
Autarkic-Coordinated Control
Strategy (ACC), Hierarchic-
Coordinated Control Strategy
(HCC), and Agent-Based-
Coordinated Control Strategy
(ABCC

[39] Power flow strategy for high en-
ergy efficient smart LED lighting
system using a solar system to re-
duce the effect of CO2 and power
flow reduction

Fuzzy rules

[40] Controlling alternative current
(ac) and direct current (dc) vari-
ations in the electric field using
solar as a source of energy

Direct Lyapunov Control (DLC)

[41] Control of multi-frequency power
transfer in Low Voltage (LV) mi-
crogrid

Multi-Frequency Power Transfer
(MFPT), Droop Control

[42] Voltage control in the smart grid
with Field Programmable Logic
Array (FPGA)

Modern Predictive control
(MPC) and Modern Control
Algorithm (MCA)

End-user side

[43] Automatic control of the residen-
tial HVAC

Programmable Communicating
Thermostats (PCTs) integrated
with the rule-based approach

[44] Predicting, planning and real-
time control of load consumption

Computational and predictive
control

[45] Control load profile using two-
way communication signals

Hierarchical Transactive control

[46] Regulation of power consump-
tion

Transactive Incentive Signal
(TIS)

2.1.2 Optimization Techniques for Smart Grid Control

The optimization of smart grid focuses on maximizing the energy resources
utilization while minimizing the energy cost. According to [47] and [48] to
get an optimal solution in the smart grid, the following have to be considered
in a certain period:- (i) the amount of available energy in the grid system,
(ii) the energy demand required by the users, and (iii) the consumption rate
needed. Table 2.2 summaries the optimization techniques for transmission,
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distribution and user side for smart grid and microgrid implementation.
The Table shows different techniques towards optimization process, with
the consumer sides being the focus area for many researchers.

Table 2.2: Optimization techniques for smart grid and microgrid implemen-
tations

Work Application Techniques and Algorithm

Transmission side
[49] Optimizing the power

consumption-based on de-
ferrable load scheduling and
economic dispatch

Constrained Markov decision
process (CMDP) model and
Stochastic programming (SP)
model

[50] Optimized power to minimize in-
terference

Linear programming (ILP) mode

Distribution side
[51] Advanced distribution manage-

ment system in smart grids for
pairing between buyers and sell-
ers of electricity

Model Predictive Optimization
(MPO)

[52] Perform load shedding offered an
efficient and reliable solution in
the power flow

Ant-colony optimization algo-
rithm

[53] Energy flow using different en-
ergy sources

Multi-objective Particle Swarm
Optimization (MOPSO)

End-user side

[54] Profit aggregator-based residen-
tial demand response (DR) ap-
proach to allocate problems on
smart grid

Heuristic optimization

[55] Adjusting the utility consump-
tion to hourly electric prices

Linear programming algorithm

[56] Demand management effect for
home usage

Evolutionary Algorithm (EA)

[57] Consumption scheduling in a
smart grid with reducing pay-
ment costs for different periods

Teaching and Learning based
Optimization (TLBO) and Shuf-
fled Frog Leaping (SFL) algo-
rithms

[58] Demand-side management strat-
egy based on load shifting tech-
nique

Heuristic-based Evolutionary Al-
gorithm (EA)

2.2 Control and Monitoring for Load Shed-
ding

In smart grid systems, control and monitoring activities need efficient al-
gorithms for communication, proper operations and autonomous actions.
These are triggered through control operations of voltage and frequency
regulation, proper load sharing, coordination in the distributed energy re-
sources, power flow control between the microgrid and the main grid, op-
erating cost optimization, and synchronization of microgrid with the main
grid, [33]. These aspects are done using different strategies such as multi-
agent systems, fuzzy logic, and neural networks.
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In the load shedding technique, three main types are well known. These
are adaptive LS, computational intelligent LS and convectional LS, [59]. The
commonly used method is the computational LS which has several advan-
tages over others. It is accurate, flexible and robust with complex non-linear
and large systems. Adaptive LS is more convenient, and its scalability is
high to the autonomous behaviour and decisions criteria, hence, fits well in
the self-healing process in the smart grid. Conventional LS usually is slow.
and it is limited in achieving the optimal load shedding. Computational
LS includes different types of techniques such as particle swarm optimiza-
tion, artificial neural networks, fuzzy logic control, genetic algorithm, and
adaptive neuro-fuzzy inference system. Along with these techniques, opti-
mization can be obtained with high performance, and stability of the system
can be attained.

An agent-based system has been seen to work successfully in the control
and monitoring process upon accomplishing the load shedding. The central-
ized agent-based systems are mostly achieved in the Matlab and IEEE bus
system simulation environments while the decentralized ones run on Jade,
Repast Simphony, Zeus, PSCAD, and Matlab. The decentralized agent-
based system provides much flexibility and maintainability of the power
system. Upon using the decentralized agent-based system, it is easy to add
other users with the same attributes and algorithms defined into the system.

To define the simulation environments, the user has to mention different
features such as simulation framework, device integration, dynamic topol-
ogy, ontologies, and communication. It should also go in hand by checking
the requirements needed for the systems such as the step by step simulation,
distributed applications, FIPA agent communication language for physical
agents, domain knowledge and physical presentation, agent communication
language, mathematical computations, distributed applications composed
of autonomous entities.

2.3 Demand Response and Demand Side Man-
agement

The Demand Side Management (DSM) is an essential function in the con-
trol, planning, and management of electricity and infrastructures as well as
monitoring of the electric market towards the implementation of the smart
grid. DSM was introduced in the 1970s upon the rise of energy cost against
energy conservation for providing two-way communication systems between
the producers and the consumers [60]. In the smart grid, MAS is the cur-
rent technology used in the implementation of DSM and the optimization
of electric power, cost reduction, and prioritization [61] and [62]. For many
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surveyed research, the main target of the optimization techniques is to uti-
lize power saving, make monetary incentives and provide a good plan for
the government to increase the generation capacity or strengthen the trans-
mission and distribution of the electric system.

The most specialized software available for optimization in demand side
management include (1) HOMER (Hybrid Optimization Model for Electric
Renewable:- the best for task simplifications), (2) RETSreen (Renewable
Energy Technology Software:- the best for evaluating different attributes
the energy production and savings), (3) LEAP (Long-range Energy Alterna-
tives Planning:- the best for planning and forecasting) and (4) energyPRO3
(Design, Optimization, and Analysis of Energy Projects:- for analysis and
management) [63]. Figure 2.1 described the attributes for the demand side
management with regards to the load shedding of a smart grid system. The
process must includes the smart grid and the devices to control. These de-
vices can be home appliances such as electric lights, air conditioners, and
refrigerators. The DSM controls three parts, namely load control, adminis-
ter control, and demand response (DR) control. All of these are physically
connected to provide communication with each other and can be controlled
either by mobile phone or web-based system.

Figure 2.1: DSM for load shedding in smart grid
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2.4 Summary of the Literature Review

The literature review of this research focused on different areas as shown
in Figure 2.2 with the specific focus on the working areas of microgrid and
simulation platforms. Also, future work has been identified. The application
of smart grid involves three aspects, namely (i) control and optimization, (ii)
communication and security, and (iii) edge and fog computing. Concerning
my research, the reviewed process focuses much on the part (i) whereby
the energy management using the agent-based system was the main area of
concentration.

Figure 2.2: Focus areas of the research
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Chapter 3

General Challenges and Electric

System Challenges Facing in Tanzania

Many developing countries are facing different problems regarding basic
needs. Tanzania is among the developing countries which are facing them
though several strategic plans are made to reduce the burden. This section
discussed several challenges with more focus in the electric sector. It also ex-
plains to what extent the electric industry has been improved. The approach
known as Challenge Driven Education (CDE) is one of the methodologies
which was used to establish and define the challenge, and finally to solve
the problems.

3.1 Existing Problems in Tanzania

Tanzania has a population of more than 58 million according to the esti-
mation done in 2019 [64]. Types of research have been done concerning the
challenges and current problems facing people and the country in general.
Among the list, poverty/economic issues are part of 63 % of challenges. The
government is facing these challenges due to many reasons; population being
the main course compared to the workforce and production of the country.
Health and education are also the sectors that need a lot of attention. Many
people do not get good health, and education despite the funding and policy
made from the government due to lack of awareness, infrastructures, and
poverty in general. Water, electricity, and infrastructures cover 27 %, 20 %
and, 19 % of the challenges facing the community, [65]. There are a lot of
sources of water, but the capability of providing water up to the household
is still a minimal. The Ministry and institutions are continuing to provide
the service, but yet some places do not have access to water [66]. Inad-
equate infrastructure, such as low access road and communication system
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has degraded the development process of the country. The transportation
processes cannot cover the overall country because the infrastructures are
poor.

The electric power provision is a challenge in both urban and rural areas.
Despite the availability of power in some regions, the stability of it is still a
challenge. However, the government, through the Ministry of Transporta-
tion, Works, and Communications has the strategic plans of 2019/2020 to
integrate the transportation system, which are rail, civil, marine, and pub-
lic transports [67]. Other challenges include unemployment, farming, and
agriculture, food shortage, and corruption. Many graduates are increasing
each year but the possibility to get the job is very minimal. The majority
are ending up being jobless or doing a work which is not related to the field
of study. The issue of climate also affects much in the production of food.
Farmers depend only on the season rainfall; hence once there are climate
changes, the production automatically decreases.

3.2 Legal Aspect of Solar DC Microgrid in
Tanzania

The use of renewable energy resources provides sufficient, reliable, and clean
energy. Many countries have adopted the use of renewable resources such
as solar, wind, geothermal, fossil fuels, tidal and waves, hydro-power, and
bio-gas. It goes in hand with the two elements among 17 of the sustainable
development goals, namely (1) affordable and clean energy, and (2) sustain-
able cities and communities. These initiatives and advantages have also led
Tanzania policy in the electric sector to focus much on renewable energies.
In Tanzania, the solar energy market has dramatically increased compared
to other years back. The statistics showed that the installed capacity of
solar power in 2017 was approximately 405 GW [30] [31] where 24.7 % of
the customers/households are using solar power [68] and 0.3 % are electri-
fied themselves using other sources of electricity such as small generators,
charcoal, and candles [69]. The higher solar energy production is ranging
from 2800 h to 3500 h of sunshine per year and global horizontal radiation of
4–7 kWh/ m2 per day [70]. Apart from solar energy, other sources of power
produced in Tanzania are 568 MW from hydroelectric power and 685.4 MW
generated from geothermal power [67].

With the records from the Bureau of Statistics and the Rural Energy
Agency report [71], 32.8 % of the communities in Tanzania have access to
the electric grid whereby for urban areas the access is 65.3% and for rural
areas is only 16.9 %. According to the statistics from the Ministry of energy
and mineral resources in Tanzania mainland, 7127 villages were electrified
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in May 2019, and by June 2020, more than 10,278 villages will have elec-
tricity [72]. It will make up to 84 % of the villages in Tanzania mainland
to have access to electricity, which will be either by the electric grid or any
renewable resources. It is in line with the Tanzania Development Vision
2025 which states that the country should have basic standards namely a
peaceful, stable society, health, good governance, high-quality livelihood,
better economy, a scholarly society, and better education by 2025 [67] [73].

The need for providing awareness on the importance of renewable en-
ergies in households is very crucial. The government and other institu-
tions are conducted seminars, workshops, training, magazines with stake-
holders, and academicians to discuss the best approaches and solutions on
how to solve electric problems. For examples, the iGrid project: http:

//igrid-1.sys.kth.se has done several workshops with stakeholders from
TANESCO, EWURA, Ministry of energy, and minerals to explore chal-
lenges. These challenges are solved by academicians using their MSc. and
PhD students at the University.

The potential use of solar energy has been seen to provide benefits in dif-
ferent activities for home-use such as lightning, refrigeration, water pumps,
irrigation, and telecommunication. For example, in Tanzania regions, solar
energy has powered 63.4 % of households in Njombe, 61 % in Mtwara, 57.6
% in Katavi, and 54.7 % in Ruvuma region. Moreover, the government has
a massive expectation of power distribution using solar power in Lugarawa
1.7MW in Ludewa district; Maguta 1.2MW in Kilolo district; Luponde
1.0MW in Njombe district; Suma 1.4MW in Rungwe district and Mwenga
wind project 2.4MW in Mufindi [68], [74]. With these facts, it is realistic
to have a technique for control and monitoring of all activities in the micro-
grid, known as DC microgrid with solar-driven. However, the adaptation
of renewable energies in many countries depends heavily on the successful
plan and implementation of ICT infrastructure. It will control the energy
production, consumption, and facilitating the building of a new business
model. Also, it will increase the reliability and flexibility of the grid system,
enhance maintainability processes, and hence sustainability and growth of
the economy in the society.

3.3 Existing System for Smart Grid

The concept of the smart grid has been introduced in TANESCO with two
sections namely: (i) Automatic Meter Reading (AMR) section at TANESCO
Headquarter and (ii) Mini smart grid at Mikocheni, both units are located
in Dar es Salaam. The AMR section is dealing with meter readings with
three components; smart meters, AMR system servers, and communication
media. Previously, TANESCO was facing different challenges such as en-
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ergy theft, non-payment of monthly electric bills, and inaccurate customer
information. This section has helped in coordinating the controlling of these
challenges. The main central meter is located at the head office in contrast
other automatic meters are installed for customers with high power con-
sumption usage per day, such as industries and factory companies. The
meter for customers is used for: customer data information, load profile
(which sends the data to the main meter for every 20 minutes), and billing
information. One of the features of this meter is to provide the customer
with accessibility on viewing its power consumption. At the control centre,
the manager can analyze data, perform system auditing log, and manage
the database for all user transactions. The system has reduced much work-
load through having a simple and easy billing process, flexibility in energy
sale methods, use of evidence when tempering with the system, additional
income, and improve Quality of Outcome Framework (QoF). So far, there
is no any major challenge in this system, and the plan is to add the feature
of the Automatic Billing System. Despite the advantages of being a good
system for controlling energy theft and increasing revenues, there is still a
problem with human management of the system. Figure 3.1 described the
AMR architecture for metering control.

Figure 3.1: AMR architecture

Apart from the smart meter section, there is another branch for moni-
toring and controlling of substations located at Mikocheni, Dar es salaam,
namely DCC (Distributed Control Centre) which started in 2014. This
section has three scopes:

(i) The transmission lines (Optic fibre). All places have been connected
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with underground fibre cable except some places with swamps like
Jangwani Area located at Ilala District.

(ii) The Substations (Micro SCADA). There are 28 substations to be in-
volved in the project, and ten substations are ready and monitored.
Others are still under construction.

(iii) The DCC itself. It is the distribution control centre which deals with
controlling and monitoring all the substations.

The monitoring of the substations is done through the system where an
administrator can check if there is any fault on the substation (transformer,
circuit breaker, battery, overhead transmission lines, etc.), and for fixing the
problem, one has to go and fix it. The system can detect the fault/problem
up to the substations but not to detect faults at the customer sides. Through
interviews, several challenges have been mentioned by contractors of the
projects such as political issues, theft (optical fibre wires), and also the de-
struction of wires when heavy trucks pass through which hinders the appli-
cability of their system. Figure 3.2 shows the SCADA system in Tanzania.

Figure 3.2: (a) Display screen of all substation, (b) Battery banks, and (c)
Distribution centre all located at Mikocheni SCADA
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3.4 Establishing Challenges using CDE Method-
ology

Challenge Driven Education (CDE) methodology has provided many bene-
fits for students, teachers, stakeholders, and the community at large. The
idea of linking all entities together on solving problems has several advan-
tages including reducing time and workload on finding the problems, im-
proving knowledge for both students and teachers, and reducing the gap
between academia and the industries.

3.4.1 Overview of CDE Methodology

The concern about having an impact on society is normally driven by many
aspects such as economic growth, technological innovations, political sta-
bility, climate, and safety, etc. These changes are driven by the approach
which has been used for implementing them. CDE approach is a method
that involves active learning throughout the process, from initializing the
problem up to providing the solution. The approach connects research, ed-
ucation, and innovation in every stage of its applicability. Figure 3.3 shows
the links and connection in the CDE approach upon integrating education,
technology, and research to provide service to the community.

Figure 3.3: CDE methodology for solving challenges in the community

The idea of CDE was described in [21] explaining how to practice it
and showing the importance of using it. It involves three stages which are:
(i) The external stakeholders define the real-life problems and challenges in
a given sector, (ii) Students are assigned to the challenges following their
skills and expertise, and (iii) Students work on the challenges to propose
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solutions to the defined problems through meetings and discussions from
supervisors and stakeholders. The advantages of CDE include: solving the
concrete (real) problems in the surrounding community, bridge the gap be-
tween the industry and academia, two-way communication, and feedback
upon implementation.

3.4.2 Exploring the Research Challenge

To have realistic outputs of the research, literature reviews, and site sur-
veys have been done to get different problems from stakeholders, and find
research gaps. Ideally, to the project, the general focus is to solve the elec-
tric problem in a small scales manner, i.e., microgrid systems where the
site should be an off-grid community of fewer than 100 households to be
connected to the main power grid when available. Therefore, with the CDE
methodology, the main idea was to find the problem in the electric sector
where the involved stakeholders were from the electric fields, industries, and
Ministry in that area. Figure 3.4 shows one of the site visits at KTH lab for
equipment analysis and smart grid implementation showing different parts
involve in fault detection.

Figure 3.4: KTH Lab setup for fault detection
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3.4.3 Visibility Study at Kisiju Site

The village is situated along the shore of the Indian Ocean, about 50 km
southeast of Mkuranga District headquarters, Pwani region. The project
was meant to serve seventy village household consumers, village commercial
centre, provisions for twenty street lights to provide a demonstration effect
of a solar electrified village, and a mosque, [75], [76]. The use of heavy-duty
appliances such as electric cookers, pressing irons, and refrigerators were
prohibited due to high power consumption usage, [77]. As stated earlier,
the planned number of customers was seventy; unfortunately, this was failed
to be implemented because many customers wanted to use the facilities
beyond the previously planned ones. Many customers use refrigerators, and
electric iron hence makes the instability of the systems. Thirty-five clients
were given the electric service whereby five customers have to use for market
services and charging mobile phones and the rest use only two bulbs each of
23W, television, and radio. The charges for using electricity was a flat rate
per month,i.e., Tsh. 20,000/= (8 USD) for business and Tsh.15, 000/= (6
USD) for home users. The maximum number of the customers to use one
junction box is four, except for the mosque, and local government where in
this case they were given separate junction boxes (treated as critical loads).

The maintenance of the whole system is done from the individual level
up to the system owner. Customers were given directions and procedures
on how to maintain and protect the power system. In case of any damage
or problem, the customer services were there for help. The room for the
batteries was well ventilated for air circulation, and every week the batteries
were checked manually for maintenance. The solar panels were also cleaned
every three weeks, and they are in good condition. The inverter, which acts
as a backup, was also not working. Table 8 summarized the challenges that
the Kisiju site was facing in their daily operations, and Figure 8 shows the
microgrid setup at Kisiju, Pwani.

For the CDE methodology, the students and instructors have to select
one research topic. Therefore, the focus of this research is based on the
technical challenge S/No.1 based on how to find a proper solution to produce
enough power sustainably.
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Figure 3.5: (left-top) Battery banks, (right-top) Solar panels, (left-down)
Distribution boards and (right-down) Street light with houses at Kisiju Site
for the Microgrid setup

Table 3.1: Summary of the challenges at Kisiju microgrid
S/No Technical Challenge Results
1 Limited power produc-

tion
The user was limited to use
many appliances, and elec-
tricity was used in night
time only

2 Manual detection of fault
and restoration

Time-consuming, inaccuracy,
costly

3 Manual maintenance and
control process

Inaccurate cleaning of solar pan-
els,batteries, charge controllers,
circuit breakers, etc.poor energy
management

4 Manual metering proce-
dure

Flat approximation of power us-
age per each consumer

5 Rigid infrastructure Difficult to add new users, to
control power in terms of de-
mand and supply, difficult to do
forecast
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Chapter 4

Agent-Based System Design for DC

Microgrid

The concept of an agent-based system is based on the autonomous actions
with the decision of making behaviour, interactions, learning, and adap-
tive characteristics defined in that system. The core principles are mainly
focused on the algorithms, simulation platforms, strategies, and implemen-
tation criteria. Agents can be applied for home automation of appliances,
health control for elders, distributed energy resources, transportation sys-
tem, manufacturing industries, etc.

4.1 Principles of MAS in the Solar DC Mi-
crogrid

The use of automation systems has become more useful nowadays for life
simplification and error reduction. The applications of agent-based systems
are essential due to their properties, such as mobility, cooperation, and easy
to learn. Other properties are autonomous, reactive, pro-activeness, and
social ability, [78]. These features are more important in our daily lives.

An agent in this work is defined as either a physical or virtual entity with
different levels of automation in a distributed manner. For physical agents,
it means there is an agent installed to present the device, and for virtual
means, there is an artificial intelligence configured to present several actions
and attributes in the microgrid. Agents can make decisions without a central
controller between them. They have a proactive ability through setting goals
to power production and consumption (either the agent can decide to sell
or retain the power). Also, the agent has the social ability to communicate
with another agent via Agent Communication Language (ACL). Therefore,
if there is a fault in the system, automatically an alert will be sent to notify
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the problem. Each agent is defined with three parameters: - its goal, actions,
and domain knowledge. The goal specifies what the agent is supposed to do
in the system. For this case, for solar panel agents, the goal is to provide
power to the microgrid all the time and the action specifies what the agent
should do at a time t during operation. The action taken when the power
is not enough in the microgrid, the solar agent should disconnect the non-
critical loads and leave the critical loads. The domain knowledge in the
system focuses on the boundaries the agent should undertake during the
control and monitoring. Therefore, the solar agent in the system should
understand the power consumption of all consumers in the system. Figure
4.1 describes the types of agents in this work and how they are connected.
Each agent has its power source and storage for its use upon a deficiency of
power in the microgrid. The system utilizes PV solar panels as a renewable
energy source.

To make the algorithm works, each agent has to engage in learning and
operating units. In this case, for every specified interval time, every agent
has to learn if there is a scheduled job and run it. Otherwise, it has to check
with other agents and update its table for another waiting job list.

Figure 4.1: Experimental setup of a solar DC microgrid, [2]

A Multi-Agent System (MAS) is a combination of more than one agent
working in collaboration to achieve a certain task/goal. In this research,
three agents are defined as a Solar agent, a Storage agent, and a Load agent
working together to perform energy management. Using MAS, the system
has the following advantages: (i) it is robust and fault-tolerant, (ii) it adapts
dynamically to any changes, (iii) it operates in autonomous mode, (iv) it
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minimizes network latency, (v) it reduces networks load and (vi) modeling
and computation are easily organized. The approach of the agent-based
system provides self-control and organization in the DC microgrid. The
ports are opened and connected to the system, while the logic set enables
the communication and actions to take place. In this case, it is more flexible
to add new customers to the grid. It also applies if one agent goes off, other
agents will continue to persist.

However distributed MAS is one of the most common systems for pro-
viding a platform for managing the autonomous process. The distributed
system can be centralized or decentralized depending on the conditions, re-
quirements, and priority of the owner. The centralized system offers the
least expensive design, but the bottleneck may appear when there is the
highest network traffic or upon having many users. The decentralized sys-
tem provides flexibility in designing with controlled resources but it has
little regulatory oversight. In this research, the system uses distributed de-
centralized multi-agent due to the following reasons: (i) it is scalable, and
maintainability is easy, (ii) it is easy to access, and produce online real data
(through the use of web server, hardware connection, etc.), (iii) learning
and deployment is easy, (iv) dynamic decision, and easy integration, and
(v) it has a high capacity of negotiation. Figure 4.2 shows the solar DC
microgrid, which is distributed decentralised with three agents on it. The
microgrid can be in different places, and the agents can still work together.

Figure 4.2: Distributed decentralized for solar DC microgrid
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4.2 Load Shedding Technique with Demand
Response

Demand response is the essential function in the control, planning, and
management of electricity, and infrastructures as well as monitoring of the
electric market towards the implementation of the microgrid. The appli-
cation provides two-way communications between the producers and the
consumers. The demand response in the power system focuses on event-
based, price-based, energy management, incentive-based, real-time price,
and demand side load. The price-based is the most significant demand re-
sponse due to its direct impact on the customers.

Many customers would like to have an alternative on how to reduce or
regulate the power consumption based on the price of the day. It has led
to the introduction of the day ahead load shifting process, which tends to
make customers shift their activities during the time of low pricing. The
price-based uses stochastic, robust, and heuristic optimization techniques
to reduce the peak-to-average ratio and peak load demand, lower electric-
ity bills and compute the optimal price of the microgrid, [79], [55], [80].
The event-based is based on optimizing the utility and power maximization
within an acceptable time, [81]. The incentive-based and real-time price fo-
cus on energy-based scheduling using game theory and convex optimization
methods. However, the output is still to reduce the peak-to-average ratio,
[82], [83]. Energy management is the preferable approach which has been
used in this work where the focus is on dynamic pricing and energy cost
saving.

Load balancing in the power system is an essential part. The issue of
switching the usage of electricity to the place where it is crucial when an-
other place is not used will increase efficiency and utilization process in soci-
ety. According to [84], a new random switching traffic scheduling algorithm
based on the meter data collection tree was introduced, and simulation re-
sults showed the reduction of the packet loss and release of congestion in
the system. The other scheduling mechanisms discussed by several authors
include multi-hop network traffic and queue back-pressure random access
algorithm. Both algorithms faced the challenge when there are multiple
data queues hence lead to complexity, and latency to be higher.

Moreover, another critical issue of a random switching traffic schedul-
ing algorithm is deciding which nodes should be switched and where to be
switched. Authors in [85] proposed the three switching policy when trying
to change and balancing of the load in the system. The main issue was
to calculate the traffic load and path load of each node and hence set the
switching probability either to consider the traffic load or path load. With
this research, using the combination of techniques could result in better re-
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sults. Figure 4.3 shows the flow chart of the load shedding procedures in
the solar DC microgrid. The flow describes the process and resources to use
upon implementation.

Figure 4.3: Flow chart for solar DC microgrid,[3]

39



CHAPTER 4. AGENT-BASED SYSTEM DESIGN FOR DC MICROGRID

4.3 Modeling and Design Requirements on So-
lar DC microgrid

The need for modeling and design of any system requires parameters, ac-
tions, and procedures for implementation. The following performs the load
shedding technique and the dynamic pricing with the target of providing
energy management while reducing human interaction.

4.3.1 Input Parameters in the System

The DC microgrid involves several parameters as inputs to model the sys-
tem. The target parameters focus on three main agents with their depen-
dencies.

(i) Get the number of houses to be used: The number of consumers
should be defined in the system to estimate the budget of the design
and implementation process.

(ii) Get the power consumption of each house: Each consumer has to
define the power consumption. This can be defined in terms of ranges
either high consumption, medium, or low. The basic idea is also to
manage the categorization of either a critical load or a non-critical
load in the microgrid.

(iii) To know the sunshine of the area: Concerning the place and area, the
idea of understanding the amount at which the sunshine is available
in the area is significant. In this case, the maximum duration of time
to get the sun for power production is approximately 8 hours per day.
However, in other places, it is 6 hours.

(iv) Get the battery size of each house (storage) capacity and how many
hours to be used to light the houses, for example, 12 hours as well as
the charging and discharging capabilities.

(v) Get the total battery size of the main supply required and the thresh-
old value for the battery to work for charging and discharging capa-
bilities.

(vi) Define the solar panel capacity of each load: This is defined to provide
the estimation of the design budget as well as the implementation
process. The larger the solar panel capacity, the higher production of
power, and to the sunshine obtained in that area.

(vii) Get the total solar panel capacity of the production system, i.e., the
power produced by the main solar panel in the microgrid.

40



4.3. MODELING AND DESIGN REQUIREMENTS ON SOLAR DC
MICROGRID

(viii) For the simulation process, the need to define the running time is
significant. For example, the administrator can decide to run the
model for 1, 3, 5 days, or even by specifying the number of hours.
Repast Simpony [22] provide this feature during simulation.

(ix) Define the varying factor of the price (increment value), and price mar-
gins whereby the model will learn the behaviour and act accordingly
to provide the effect.

4.3.2 Actions Performed in the System

The actions in the modeling and design of the microgrid are described based
on the requirements of the load shedding technique and dynamic pricing.
The following is among the focus areas used in the process of modeling
concerning agent-based system design.

(i) Provide power to consumers without load shedding: the main power
supply should be able to provide power based on the demand when it
has enough power produced in the grid.

(ii) Perform load shedding for non-critical houses: the main supply should
be able to disconnect the non-critical loads upon the deficiency of
power. The system should be able to check the daily power produced
and the power consumed, hence manage the load shedding process
once the battery level is reduced to 50 % to maintain the critical
loads from being disconnected. In this manner, the non-critical loads
use its solar power.

(iii) Individual loads can sell extra power to the main supply: the ability
to gain more production in the grid is also engaged in the modeling
and design process to solve the problem of power deficiency. The
optimization process is to control, monitor, and maintain the power
in the grid without the cutoff of power.

(iv) Allow the individual load to disconnect itself if it does not need power
from the main supply: the model should allow an individual consumer
to disconnect itself from the grid and use its power production once
either the price is high or has a capability of using its source.

(v) Dynamic pricing: the model and design should be capable of making
the owner provides the cost of selling electricity with marginal prices
and incremental price.

(vi) Define the total battery size for the required loads and the threshold
value for the battery to work for charging and discharging capabilities.
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4.4 DC Microgrid Components and Function-
alities

The modeling of the DC microgrid requires an advanced algorithm with
functional requirements. The load shedding technique deals with catego-
rizing critical loads and non-critical loads. The power production in the
grid should maintain the accessibility of power to all consumers, and once
the power is deficient, the critical loads should still have access to power.
The critical load refers to the one with high power consumption such as
hospitals. The non-critical loads are allowed to disconnect themselves from
the microgrid and use their local source once the price is high. Also, the
consumer can sell extra power to the microgrid to maintain sustainability
and to reduce load shedding. This was mapped to the challenge faced at
Kisiju, Pwani [75].

Table 4.1 describes the parameters in the modeling and designing process
with their definition with regards to the DC microgrid.

Table 4.1: Parameters used in the DC microgrid
Status/Facts Value

Real-time Electricity Price (Tsh)/ Wh
Load Isolators Close/Open
Power consumed by loads Watts
The power produced by the Main
source

Watts

Status of the battery Charge/Discharging
Real-time data True/False
Relay switches On/Off

The description of the solar DC microgrid with its components is de-
fined in Table 4.2, showing different aspects required in the modeling and
designing. Each agent in the system is described mainly in terms of its func-
tions that performs in the microgrid. Two rules are grouped which focus
on automatic load shedding and dynamic pricing in the microgrid.
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Table 4.2: DC microgrid components and their functionalities, [1]
PV solar
panel

Battery Critical
load

Non-
critical
load

Attribute Perform
load shed-
ding based
on-demand,
Display the
price on an
hourly basis

State of Charge
(SoC) of the bat-
tery

Maintain the
power level,
no shedding

Control the
power usage
on the allo-
cated devices
for shedding

Task Provide
power to the
microgrid
where power
supply is Ps

and thresh-
old power is
Pthre

Act as a backup of
main solar to pro-
vide power to the
loads

Load profil-
ing

Load pro-
filing with
criteria of
power usage

Rule 1
Power supply and consumption

Ps > Pthre SoC battery≥ 50 Switch ON Switch ON
Ps < Pthre SoC battery≥ 50 Switch ON Isolate from

solar, get
from storage

Rule 2
Demand response and dynamic pricing

Price is
high: If the
demand is
high than
the supply

Sell to the
grid

Price is low:
Demand is
low than the
supply

Reserve
the battery
power for
future use

Results Power con-
sumption,
price against
time

Power consumption
against time

Power con-
sumption
against time

Power con-
sumption,
price against
time
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Chapter 5

Practical Applications of the DC

Microgrid

The applications of the agent-based system have been used in the modeling
and implementation process of the solar DC microgrid. These processes use
microcontrollers, a database, and two platforms, namely Repast Simpony
[22] for modeling and Jade [86] for implementation. The selection of using
the Repast Simpony is based on the fact that it provides the step by step
simulation, which makes it better compared to other platforms. The Jade
platform offers the capability of integrating with hardware. The focus of the
application is based on the load shedding technique with linear programming
and demand response with dynamic pricing.

5.1 Mathematical Models for a Solar DC Mi-
crogrid

The modeling process involves three main components, i.e., solar, storage,
and load which have different attributes and functions in the DC microgrid.
Each part has several model equations which have been used in the modeling
processes. There are also standard values that have been used as constant
values to the environment.

5.1.1 Solar Modeling for Power Production

To get the power produced by the solar (solar radiation), Equation (5.1)
was used. It was done in parallel with the estimation of how many hours
in Tanzania are expecting the solar if the day is sunshine, i.e., a maximum
of 8 hours. Generally, this is the maximum duration of hours Tanzania is
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expecting from the Coastal regions.

Sirr = (1 + C)A exp

{
−k

sinα ∗ π/180

}
(5.1)

Where A represents extra-terrestrial flux for the solar power intensity, C
represents the sky diffusion factor for solar radiation diffused by molecules,
and k represents Optical depth for the absorption coefficient of solar ra-
diation. These are factors, which depends on the number of solar cells,
calculated as follows:

A = 1160 +
{

75 sin−1 {(360/365)× (N − 275)}
}

k = 0.174 +
{

0.035 sin−1 {(360/365)× (N − 100)}
}

C = 0.095 +
{

0.004 sin−1 {(360/365)× (N − 275)}
}

5.1.2 Solar Modeling for Power Consumption

The need to convert the solar energy to electric energy is done through the
absorption of sunlight into solar panels. The characteristics and behaviour
of solar in terms of power consumption is described in [87]. The voltage,
current, temperature, and illumination are important attributes that are
computed using the azimuth and altitude angles. To compute them, Equa-
tions (5.2) and (5.3) are used as follows:
(i). The Altitude angle (h):- is the angle between the sun’s rays and a
horizontal plane, [88].

α = a sin−1 {sin (L ∗ π/180) sin (δ ∗ π/180) + cos (δ ∗ π/180) cos (L ∗ π/180) cos (ω ∗ π/180)} (5.2)

(ii). The Azimuth angle (A):- is the angular displacement from south of the
projection of beam radiation on the horizontal plane, [88].

θ = sin−1

{
cos (δ ∗ π/180) sin (ω ∗ π/180)

cos (α ∗ π/180)

}
(5.3)

where:
a = the apparent solar time,
L = the latitude in degree,
δ = the declination angle,
ω = the hour angle.

46



5.1. MATHEMATICAL MODELS FOR A SOLAR DC MICROGRID

To get other data in the solar system, several equations and parameters
were used. Table 5.1 shows the solar cell parameters used in the modeling of
the solar system and Equation (5.4) used to calculate the solar irradiation,
[88].

Table 5.1: Solar cell parameters
Parameter Constant Value
Number of suns, G 1000W / m2

Temp, T 273
Boltzmann’s constant, K 1.38 exp−23
Charge on electron, q 1.60 exp−19
Diode quality, A 1.2
Band gap voltage, Vg 1.12
Open circuit voltage per
cell at Temp T1 (25),
VocT1

32.9V

Short circuit current per
cell at Temp T1 (25),
IscT1

8.21

Open circuit current per
cell at Temp T2 (75),
IscT2

29.9

Short circuit current per
cell at Temp T2 (75),
IscT2

6.62

Working Temp, TaK TaK = 273 + TaC
Reference Temp, Trk TrK = 273 + 25

Ian = IscT1 ∗Suns∗ (1+a∗ (TaK−T1))−Ir ∗
(

exp

(
(Vc + IaRs)

V tTa

)
− 1

)
(5.4)

where:
V tTa = A ∗ kt

q ,

Ir = IrT1 ∗
(
Tak
T1

)
∗ (3/A) ∗ exp (−b ∗ (1/Tak − 1/T1)) ,

b = V g ∗ q
A∗k ,

IrT1 = IscT1

exp
(

V ocT1
A∗V tT1

)
−1
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5.1.3 Storage Modeling

The demand and supply of power are usually calculated in the storage for the
microgrid to preserve it. It acts as a backup power system with the charging
(State of Charge) and discharging (Death of Discharge) capacities. Equation
(5.5) is used to calculate the charging of the battery in the modeling of it,
[89].

C (t) = C (t+ 1) +

{
∆t× ψb (t)

Vb (t)
× Prev (t)− Pu (t)

}
(5.5)

where:
Pu = the renewable battery power,
Prev= the total renewable power,
Vb = the voltage of the battery terminals at time t,
ψb = battery efficiency, and
C (t) and C (t+ 1) = the battery charges at time t and t-1 respectively

5.1.4 Load Modeling

The data from consumers was obtained in random values where the user was
given an option to set the power consumption of critical and non-critical
loads. The equation used is as seen in (6.1) to demonstrate the ability
to have different values during the modeling stage. The data required are
power generated at the time t.

r = Ai + (Ai +Bi)× rand (N, 1) (5.6)

where:
A, B = intervals of the random numbers to be generated,
N = random generated numbers, and
i is the ith number generated.

5.1.5 Energy Management with Dynamic Pricing

The load shedding process with a dynamic pricing algorithm has been im-
plemented using the flow chart, as shown in Figure 5.1. The flow chart
describes the main power source activities when it has enough or less power
to provide into the system (for both critical and non-critical loads).
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Figure 5.1: The flow chart for the load shedding process with dynamic
pricing

Price-ahead control and monitoring were done to make the energy man-
agement process applicable. The algorithm works as follows: [1]

At the ith time and the kth day, the algorithm computes the consumed
power by all N houses. This value is checked against the produced energy.
In case the total energy demands are very close to the generated energy, then
the price for the next time interval is increased by a constant step. Also,
in case the energy demands are less than the produced energy, then the
prices are lowered by a constant step. The algorithms guarantees that the
price will not leave the margin, that is qi (k) ∈ [qmin, qmax]. The algorithm
should maintain high values so that only critical loads are powered on.The
calculation of price-ahead is controlled by different parameters including:

• The number of houses in the microgrid (N)

• The predictable available energy for the next hour (E)

• The predictable power in the next hour (a vector of length N)

• The maximum and minimum price of in the microgrid (qmax, qmin)

• The safe margin energy (ζ),

• The step of the price increase (L)

• The current price (qi).
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The Algorithm 1 shows the process of increasing and decreasing the price
in the microgrid.

Algorithm 1: Calculate: qi+1 (k)
Require: i, N, k, ζ
Ensure: qi+1 (k) ∈ [qminqmax]

P d
i (k)←

∑N
j=1 p

i
j (k)

Ep
i (k)←

∑N
j=1 e

i
j (k)

if
(
P d
i (k) + ζ > Ep

i (k)
)

qi+1 (k)← min (qi (k) + T, qmax)
else if

(
P d
i (k) + ζ < Ep

i (k)
)

qi+1 (k)← max (qi (k)− T, qmin)
else
qi+1 (k)← qi (k) + T
end if.

5.2 Modeling of Solar DC Microgrid for Con-
trol and Monitoring

The modeling of the DC microgrid uses the Repast Simphony platform,
which involves several stages. It consists of three agents, namely solar power
agent, storage agent, and load agent. The agents work in a decentralized
manner to allow the decision to be done on their own. The solar agent
supplies the power, and the storage agent is the backup of the solar agent
while the load agent acts as a consumer and producer of the energy.

5.2.1 Repast Simphony Platform

Repast Simphony is a Java-based toolkit capable to work on tools such as
Java, Logo, Groovy, and Statecharts for multi-agent models [22]. It is the
open-source tool for modeling and simulation of agents in different domains
such as on electric power, airports, health and agriculture. Repast can be
supported with different programming languages including Java, C++, and
Python with the capability of simulating in step by step which is different
from other platforms. It can also be integrated with other platform such as
Matlab and Jade for implementation of different applications.
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MONITORING

5.2.2 Modeling Processes, Steps and Decisions for the
DC Microgrid

The following are the procedures considered upon modeling the DC Micro-
grid:

1. Building the model: The package is called SolarPowerElectric where
the agent classes and sub-classes are created. These are SolarPanel,
SolarBattery, Charger Controller, Consumer, Load, PowerGrid, Sup-
plier, RandomGenerator, and SPEContextBuilder with the .java ex-
tension. The operations of the supplier agent include generating, stor-
ing, and distributing power to solar consumer agents while ensuring
priority consumers are served with the power. The consumer agent
operations also include generating, and storing power for their use
while exporting/selling power to the supplier whenever they have ex-
cess power generated.

2. Movement of agent generation: Implementing the movement of agents
within a “ContinuousSpace” and a “Grid”. The ContinuousSpace
allowing the use of floating-point numbers (e.g., power, voltage and
current values) and Grid movement for neighbourhood and proximity
queries.

3. Iteration method during simulation: The method @ScheduleMethod
annotation is used with initial values as start=1, and interval =1
whereby power values are set according to the calendar date speci-
fied on that day. The main behaviour of a solar is implemented in the
“run” method. This method describes the attributes and functions of
the solar panel agent with its charger controller for both consumers
and producers.

4. Building the context for simulation: The ContextBuilder <T>is cre-
ated to build the context of the simulation purposes with projections
associated with them.

(a) Create visualization (can be 2D or 3D visualization),

(b) Create solar panels and storage batteries for supplier and con-
sumers,

(c) Create the prioritization (setting power for critical loads and non-
critical loads),

(d) Create the dimension of the grid (normally is 50× 50 ).

5. Creating agents: This is done with the “context.add” code for all
classes. The movement of agents to the Grid location that corresponds
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to their ContinuousSpace location, then each object is added to the
context.

6. Running the model: Before running the model, the metadata needs
to be updated and thus, context.xml file is created in the SolarPow-
erElectric.sr. Other xml files are parameters, and scenarios where a
user define what he/she wants to simulate.

7. Building the scenario tree: The scenario tree shows the SolarPow-
erElectric model with all detailed parameters for simulation. These
are:

(a) Charts: all graphs created and need to be simulated in the panel

(b) Data Loader: It will load the context created. For this, it will be
load shedding for critical and non-critical loads.

(c) Data set: non-aggregated data to be displayed in the graph. Ex-
ample power vs. time, price vs. time, etc.

(d) Display:The model is displayed in 2D visualization

8. Obtaining raw data: Each instance of the SolarPowerConsumer class
is loaded with its raw data that contains load power readings at a
different time of the day. This represents different daily power con-
sumption behaviour of the consumer. Also, each consumer is loaded
with its different readings for panel power rating specifications, and
storage ratings.

9. Execution of the program: On each iteration, there is an increment of
one hour on each agent upon running. This change in time will call
for the different power output of solar consumer, and solar supplier
panels and also causes changes in load power consumed by the solar
consumer.

5.3 Deployment of the Solar DC Microgrid

The deployment of the DC microgrid requires design, implementation, proper
techniques, and algorithms. Among the simulation tools for MAS, the best
tool that supports the physical layer during the implementation is JADE
(Java Agent DEvelopment Framework), [86]. However, the integration of
more than one platform increases the efficiency and performance of the sys-
tem.
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5.3.1 JADE Platform Overview

JADE is a software framework that is implemented in the Java language.
It has been deployed to simplify the implementation of multi-agent sys-
tems through a middle-ware that complies with the FIPA specifications. It
supports the development of multi-agent systems through the predefined
programmable and extensible agent model. Several researchers have used
the Jade platform for developing agent-based system as summarized in [90].
These works cover different sectors such as commerce, agriculture, health,
and electricity. Currently, JADE is one of the most used and promising
agent development framework with a large user group.

5.3.2 Design and Implementation of the DC microgrid

The Repast Simpony and Jade platform were integrated with Raspberry
pi (HIL-Hardware-in-Loop) using the Remote Invocation Method (RIM)
procedure. This method allows one application to access the running in-
stance of another application. The class diagram in Figure 5.2 describes the
integration of the platforms and hardware with the classes and functions.

Figure 5.2: The class diagram of the hardware-in-loop, [4]

The integration process uses several methods and classes which are de-
scribed for different sections.

1. Repast Simpony Platform

The class RegisterAgentToEnvironment is used for registering a re-
mote Jade agent to the Repast environment and it implements the
RegisterAgentInterface. The Class PanelAgentPresentation is used to
represent Jade agent on the Repast environment and it implements
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the PanelAgentInterface. Both classes implement the class Unicas-
tRemoteObject for them to be accessed remotely, and the interfaces
extend the Remote class on the RMI java package.

2. Jade platform

On the JadeApplication, there are two classes and one interface for
implementation. One class called SolarAgent extends Agent class
on jade.core package (special package for JADE applications) and
the other class called AgentPresentor which is used by the remote
repast application for remote access calls. AgentPresentor imple-
ments PanelAgentInterface, which is the same interface implemented
by the repast’s PanelAgentPresentation. The function of the SolarA-
gent class is to read repast environment through schedule method and
to act based on the information obtained from the Repast.

3. Raspberry Pi

The Raspberry pi has three applications, namely Main.java, Sun.java,
and Raspiberry.java. The Main.java class is for running the appli-
cation. Sun.java is used to calculate the solar illumination intensity
and report back to the Jade agent. The Raspiberry.java implements
JadeAgentInterface which contains all the remote method that will be
called by Jade agent.

4. For Integration

The Repast platform has two classes, namely JadeAgent registration
and JadeAgent presentation. The JadeAgentRegistration focuses on
registering the agents, and the JadeAgentPresentation implements
JadeAgentPresentationInterface which contains the remote method
calls for the communication between Repast and Jade. The Pan-
elAgentPresentation class contains all the methods which the Repast
engine will need to inform the agent on the changing environmen-
tal parameters and getting some values(actions) on the jade agents.
It uses a method like the schedule for informing Jade agent on the
current Repast environment.

The RMI was created with RMI registry for both platforms. Once
the Repast simulation instance starts, it creates RMI registry on its
JVM for binding its remote instances ready for the remote method
calls that are to be made from the Jade agent platform. On the other
hand, at the starting of the Jade Agent, the platform created its RMI
registry and bind its remote instances to the registry ready for the
remote access calls from the Repast engine. RMI registry runs on
both platforms to ensure communication between the devices.

54



5.3. DEPLOYMENT OF THE SOLAR DC MICROGRID

5. For Application

When the Repast application starts, it creates the RMI registry of the
Repast, and an instance of RegisterAgentToEnvironment class then
binds the instance to the RMI registry of the Repast. On the other
hand, when the Jade agent application starts, it creates its own RMI
registry and then binds the SolarAgent instance to its registry. It
then starts to lookup for the RegisterToEnvironment instance from
the Repast registry and calls the method registerAgent to register the
SolarAgent instance on the Repast environment. For the Raspberry Pi
application to start, it creates a registry and then binds its Raspberry
Pi instance on its RMI registry.

6. For Simulation

On each tick of the Repast simulation, it calls the method schedule
on Jade agent to inform on the time change. Similarly, when the
Jade agent is scheduled for the first time, it looks for the Raspberry
Pi remote instance and sets it up ready on the SolarAgent instance.
The Repast simulation runs on each new tick, and it schedules the
JadeAgent that runs the method getSunIllumination from Raspberry
via JadeAgent.

The designing and implementation of the solar DC microgrid composed
of different components. These including voltage sensors, current sensors,
temperature and humidity sensor, relays, solar DC batteries, solar charger
controllers, solar Panels, DC loads, and isolators. The architecture for the
deployment is shown in Figure 5.3 with a physical link and virtual link show-
ing the critical and non-critical loads connected in the main solar power.

The information flow, controls, and monitoring processes are handled by
the microcontrollers, the database, and the Repast platform. The actuators
and isolators also handle the actions and domains. Each component and its
applicability is defined in details, as shown in Table 5.2.

The main function of the Arduino is to receive data from sensors and
compute those data before sending them back to the Raspberry pi. The
Raspberry pi is responsible for processing the data and return the decision
to the Arduino, whereby Arduino will decide what to do depending on the
received signal. Table 5.3 shows the definition of the signals in the micro-
grid. The Raspberry pi deals with decisions of load shedding, buying, and
selling prices in the microgrid. It consists of main supplier agent, consumer
agents (house one agent, house two agent, and critical load agent). Table
5.4 details the functionalities and descriptions of classes in the system.
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Table 5.2: Components for the system and their description
S/No Component Quantity Description
1 Voltage sen-

sors
4 At the non-critical loads:- 1 sensor at each to

sense the voltage from its local source. At the
critical load: - 1 sensor to sense the voltage
from its local source. At the main supply: -
1 sensor to sense the voltage from the main
source.

2 Current sen-
sors

4 At the non-critical loads:- 1 sensor at each to
sense the current flowing from its local source.
At the critical load: - 1 sensor to sense the
current from its local source. At the main
supply:- 1 sensor to sense the current from the
main source.

3 Temperature
and humid-
ity sensors

1 At the main supply:- 1 sensor to sense the tem-
perature and humidity for weather prediction.

4 Relays 9 At the non-critical loads:- 3 relays are avail-
able S1, S2, and S3. When S1 is triggered, it
allows consumers to use power from the main
supply. When S2 is triggered, it allows con-
sumers to use power from its local source, and
when S3 is triggered, it allows consumers to
sell extra power to the main supply. NOTE:
the relays at the consumers, relay S1 and S2
can never be ON at the same time also, relay
S3 can never be ON unless S2 is ON. At the
critical loads:- 2 relays are available S1 and S2.
When S1 is triggered, it allows the consumer
to use power from the main supply. When S2
is triggered, it allows consumers to use power
from its local source. At the main supply:- 1
relay is available, its main purpose is to con-
nect and disconnect consumers to and from
the main supply.

5 Batteries 5 1 Lead Acid 65AH capacity in the main supply
and 3-12AH at each consumer.

6 Charger con-
trollers

5 1 charger controller of 30A MPPT for the
main supply, 2 charger controllers of 10A for
non-critical loads and 1 charger controller of
16A for the critical load.

7 Solar panels 5 2 solar panels of 250W in total for main sup-
ply, 1 solar panel of 50W for critical load and
2 panels each of 20W capacity for non-critical
loads.
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Figure 5.3: System architecture for the solar DC microgrid with A: showing
the physical connections and B: showing the virtual connections

Table 5.3: Arduino functions and description
S/No Function Applicable to Description
1 Disconnect agent

from the main
supply

Raspiberry pi Receives a disconnect signal from
the Raspiberry pi. “0”:- disconnects
the agent from the main supply and
“1”:- connects again the agent to the
main supply

2 Connect agent to
the main supply

Raspiberry pi Receives a disconnect signal from
Raspberry pi. “1”:- connects again
the agent to the main supply

3 Receive data from
sensors

Arduino Receives data from sensors and
computes the values before sending
them to the respective agent using
serial communication
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Table 5.4: Raspberry Pi functionalities in the system

S/No Function name Applicable to Description
1 addBehavior() All agents Adds a new behavior to the

agent
2 addreceiver() All agents Adds a value to receiver slot
3 agentBuyingDecision() Non-critical agents This is a method from Price-

Handler class, performs con-
sumer’s buying decisions

4 agentSelingDecision() Non-critical agents This is a method from Price-
handler class, performs con-
sumer’s selling decisions

5 buyingPrice() Main Supplier agent This is a method from Price-
Handler class, sets the main
supply buying price from the
preset values

6 ClclicBehaviour() All agents Creates a behavior that keeps
executing continuously

7 getCooPort() All agents Returns the communication
port

8 getInputStream() All agents Returns an input stream
9 getParams() Datadb class Gets the preset parameters

from the database
10 openPort() All agents Port opening
11 receive() All agents Receive an ACL message

from the agent message queue
12 saveConsumerToDb (pa-

rameters)
Non-critical Agents and
critical agent

This is a method from
Database class, saves the
consumer data to the
database

13 saveMainSupplyToDb
(parameters)

Main Supplier agent This is a method from
Database class, saves main
supply datato the database

14 sellingPrice() Main Supplier agent This is a method from Price-
Handler class, sets the main
supply selling price from the
preset values

15 send() All agents Send an ACL message to an-
other agent

16 setContent() All agents Writes the content to the slot
17 setup() All agents An empty placeholder for ap-

plication specific startup code
18 TickerBehavior() All agents Creates a behavior that exe-

cutes piece of code after every
certain period
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Chapter 6

Results and Analysis

The modeling and design of a solar DC microgrid led to different outputs
and performance. The main attributes towards generating the results cover
power in terms of produced and consumed energy in the grid, pricing is-
sues, voltage and current behaviours, battery storage capabilities, all for a
particular time. Other non-functional attributes include scalability, main-
tainability, efficiency, reliability, etc. The results of the research are based
on the modeling process (with regards to objective no.2) and the implemen-
tation process (with regards to objective no.3).

6.1 Agent-Based Modeling Results for the So-
lar DC Microgrid

The simulation of the results is demonstrated with three houses as an exam-
ple using one critical load and two non-critical loads. However, the simula-
tion can be done with a different number of houses with variable parameters
of the DC microgrid. The simulation run in 3 days which is equivalent to 100
ticks in the Repast platform. Figure 6.1 shows the scenario tree for build-
ing the model and contextualization process. It also shows the parameter
tree for inserting the variables, which has been designed before simulation.
The 2D-visualization shows the results of the houses with their capacity for
storage and solar panel, as seen in Figure 6.2. The simulation continues
until 100 ticks are over, and it takes a step by step simulation, which is one
of the useful features of using the platform.

6.1.1 Load Profiling Without Load Shedding

The characteristics of load profiling depend much on the power produced
in the microgrid. During the highest peak of power usage in the system,
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Figure 6.1: (left) Scenario tree for solar DC microgrid and (right) Parame-
ters for simulation in the solar DC microgrid

Figure 6.2: 2D-visualization for 3 houses simulation

an individual load can decide to disconnect from the grid and use its local
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source. When the price becomes low, this means the supplier has enough
power in the grid, and it can supply to all users. The supplier (main power
source) graph in Figure 6.3 and load profiling graph in Figure 6.4 describe
the non-shedding process. When the time is between, T = 8:00 to 26 hours
(this is equivalent to 100 ticks), the price was lowered to Tsh. 1000 (equiv-
alent to 0.25 USD/hour), this causes non-critical loads to join and use the
power grid automatically. The same scenario happens when T= 30-98 hours.
Meanwhile, the critical load remained with power all the time.

Figure 6.3: Price vs. time without load shedding

Figure 6.4: Consumer power consumption vs. time without load shedding

6.1.2 Load Profiling With Load Shedding

The demand response with pricing is more important in forecasting the pro-
duction and demand in the country. Users are benefited to have information
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regarding the power production against the price of it in the microgrid. Fig-
ure 6.5 shows the pricing profile with a next hour ahead price if there is a
shedding occurrence. This is happening based on power production and
consumption. During peak hours, the selling price is increased, and the
consumer agents can decide to disconnect itself from the system, or the
source agent can disconnect the non-critical loads. Figure 6.6 shows con-
sumer load consumption power against time. It can be seen from the graph
that the non-critical loads were off most of the time while the critical load
is on. It shows that the production was low during this time which may be
due to the bad weather condition.

Figure 6.5: Price vs. time with load shedding

Figure 6.6: Consumer power consumption vs. time with load shedding
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6.2 Agent-Based Designing for a Solar DC
Microgrid

The architecture of the system consists of a physical part, a control part,
and a monitoring part. The physical part of the system has been deployed
at the College of Information and Technologies (CoICT), Dar es Salaam as
shown in Figure 6.7 with complete solar systems. One Critical load and two
non-critical loads together with their solar systems are also shown.

Figure 6.7: (a) The DC solar microgrid with three consumers and the main
source of power, (b) Solar panel of the critical load with 12V DC, (c) Charger
controller of non-critical loads reading the total value from the solar panel
13.7V, (d) The main source of power with 24V DC with the cable for the
output power.

The control parts are shown in Figure 6.8 and Figure 6.9 with different
functionalities. The switching circuit is for processing the switching tech-
nique, and it has three switches S1, S2, and S3 at the same time the intelli-
gent part consists of Arduino, Raspberry pi, DC loads, relays, and sensors
for data collection and processing. Three DC loads represent the critical
load and two non- critical loads. Each board switch has three switches on
it, and it has sensors on it. The boards are connected directly to the Ar-
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duino. All devices were given the IP address for communication in the range
41:86:176:47- 41:86:176:50.

Figure 6.8: Switching circuit for control and monitoring

Figure 6.9: Implementation of control and monitoring technique
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The monitoring part is based on the use of a database to collect data in a
real-time mode. The dashboard system is named “Microgrid System” shown
in Figure 6.10 having credentials for login into the system. Data are sent in
real-time mode, but our system allows us to save the results every 20 minutes
for better visualization. It has attributes for pricing values (selling and
buying prices), voltage, current, temperature and humidity values, power
during load shedding techniques as well as extra power sold to the main
supply from local resources. A user can request graphs for visualization
and also extracting information such as the number of alerts/alarms in the
system that have occurred. Moreover, using data further evaluation such
as prediction, forecasting, and integration to other renewable sources or the
main grid can be done.

Figure 6.10: Dashboard for the solar DC microgrid
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6.3 Performance Analysis of the Solar DC Mi-
crogrid

The performance of the DC microgrid is based on the parameters such as
latency and energy saving cost. The initialization of MAS in the Raspberry
pi was set to 60,000 ms to provide time for opening the ports and checking if
the system is alive. This will make the activation of sensors from the sleeping
mode to the awake mode. The results of the dynamic-pricing algorithm from
07 AM to 19:49 PM is shown in Figure 6.11. The prices are displayed in
local currency (Tanzanian Shillings). Due to the lack of solar irradiation,
and to match suppliers with demands, the price went high at 17:14 PM.
The load-shedding algorithm has then been activated at 17:14 PM with a
latency less than 600 ms as can be seen in Figure 6.12.

Figure 6.11: The dynamic pricing profile for the DC microgrid

Figure 6.12: The load shedding profiles for the DC microgrid
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The energy management with regards to the algorithm 1 provides better
performance in terms of energy-saving. This was done with regards to
sunshine available and the power generated in our community. This also
considered the factor of how we can increase the production of power. The
Equations 6.1 and 6.2 are used for calculating the energy cost saved by
house one, house two, and the microgrid itself.

CSE =
(∆Io × CFR) + ∆Com− p×∆E (1− fside)

∆E (1− fside)
(6.1)

where:
∆Io = total initial investment and is defined as:

∆Io ∼= ∆Iconsumer + ∆Iutility + ∆Igovernment + ∆Ithirdparty (6.2)

After the calculation and neglecting other components, the equation
6.3 will be represented as follows and Table 6.1 contains descriptions of
parameters and values to be used for the calculations.

CSE =
∆Io − p×∆E

∆E
(6.3)

Table 6.1: Data for energy saving cost used
Parameter Definition Value
CFR Capital Recover

Factor
for this work = 1

∆Com Maintenance cost, for this work is neglected
p Average energy

prices (Tsh/Wh)
2000 Tsh

∆E Energy saving, for
this work we take
per day energy sav-
ing

Approx. 335Tsh./day
given that the approx. us-
age of unit is 2 units per
day

fside Side fraction for this work is neglected
∆Iconsumer Initial investment

for the consumer
2,000,000 Tsh

∆Iutility Initial investment
for the main supply

1,000,000 Tsh

∆Igovernment and
∆Ithirdparty

Initial investment
for government and
third party

Zero values, as the micro-
grid is isolated
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Table 6.2 provides significant values in terms of the cost energy-saving.
The implication of these data shows that energy management in terms of
energy-saving is crucial. Each user will control and monitor its usage of
power to sell to the grid; hence and the more power production will make
the sustainability of the microgrid and the economy at large.

Table 6.2: Cost of saving energy in the DC microgrid
Attributes Consumer using local

source
Consumer using main
source

Cost of energy saving
(CSE)

3970.14 985.074

Percentage saved 80.12 19.88

6.4 Comparison to other Technologies and Les-
son Learned

There are many technologies and algorithms in the implementation of DC
microgrid. These are selected based on the need and requirements of the
designer. The use of MAS in the control and management of islanded DC
microgrid involves many aspects upon deployment such as demand response
with dynamic pricing, the use of DC appliances for stability and avoidance
of distortion, load shedding technique for categorizing critical load and non-
critical loads. Concerning other research, the main focuses of this work are:
(i) to operate the system in real-time mode, (ii) to deploy the prototype
showing the effectiveness of the microgrid system, and (iii) compare the
modeling and the designing effects in the solar DC microgrid. Table 6.3
shows the detailed features of others compared to this work. It offers dif-
ferent attributes including the technologies involved, the platform used for
implementation, the flexibility, and the performance of the system.

On the modeling of a solar system, the idea of starting with few at-
tributes and simple models is significant. In this work, the modeling process
starts with the static loads whereby the power consumption of consumers
was static data obtained from the electric company TANESCO. The main
concern was to make conceptualization and context of the model while un-
derstanding the behaviour of the system. The second phase was to improve
the system by adding other features such as dynamic pricing and the use
of random values of power which were defined by the user. In this way,
the model will produce different outputs with significant effects. Despite
the modeling and production of good results, still, on the implementation
stage, the results will be different. This is because factors which were ne-
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Table 6.3: Comparison of the proposed architecture for DC microgrid
Work Real Data Agent-

Based
System

Technologies Implementation
Platform

Flexibility Performance

[24] Power con-
sumption

No No HEM dashboard
for simulation
developed in C++

Control and man-
age the appliances
operation

High power con-
sumption appli-
ances (4kW-8kW)

[25] Voltage and
frequency

Centralized Matlab/Simlink Simulation based Middle server al-
lows multiple TCP
connections

Latency of 800ms
for 60Hz simulation
system

[26] No No Matlab Simulation based Facilitate the
micro- Combined
Heat and Power
(CHP) smart
control

Electrical demand
(STD of 9.74 %
) and temperature
(STD of 2.35 %)

[27] No Centralized Repast Sim-
phony

Simulation based Smart home agent
and control agent
for monitoring

Peak load power
31kW without
MAS and 22kW
with MAS

This Work Voltage,
current,
tempera-
ture and
humidity

Distributed Repast Sim-
phony and
Jade

Microcontroller
and sensors,
Database server for
real time monitor-
ing and analysis
developed in Java

Database server for
real time monitor-
ing and analysis

System perfor-
mance latency of
600ms on load
shedding, stability
of less than 1sec

glected during the modeling stage, will exist in the designing process such as
weather, and distance between individual loads and the main power source.
However, using modeling with Repast simulation tool, the step by step sim-
ulation can be done for different parameters and attributes. In this manner,
the analysis of the system, and fixing of errors can be done easily.

The design and implementation process involves the use of microcon-
trollers that are prone to heat. Once the system runs for a long period
without switching off the devices, some will get damaged and produce wrong
results. Therefore, maintenance and follow-up should be regularly. Also,
changes in weather or area of deployment may affect the results.

The scalability of the solar DC microgrid is another attribute that is
valuable in this research. This is due to the use of distributed MAS with
virtual agents and FIPA capabilities. The new user can be added using the
microcontrollers to provide intelligence and autonomous behaviour. Also,
the agent should be configured and linked to the database for communica-
tion. It goes in hand with the physical part of the system by adding a new
user with its solar system or without a solar system. In the end, it will
increase the production of power in the grid and enhance the sustainability
of the system.
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Chapter 7

Conclusion, Recommendation and

Future Work

7.1 Conclusion

The work in this thesis has focused on three main areas. These areas are out-
lined, and the research contribution of the thesis is stated for each objective.

RQ. 1: What are the main challenges facing the implementations
of agent-based distributed control on solar-driven DC in a smart
grid?

Based on the 17 global challenges in the world addressed by the UN, the
problem facing our community was categorized in 7 and 11 of the challenges.
With this research question, the current situation of Tanzania concerning
population and problems were easily identified. The review explores several
challenges from the simulation process up to the system level process and
some optional procedures to take/use upon undertaking the same situation.
Based on the review, the research gap was obtained and work on it.

The research uses the Challenge Driven methodology (CDE) to identify
the real-life challenges facing the community with the help of stakeholders
from various sectors in Tanzania and Sweden. This approach facilitates the
understanding and identification of what is necessarily needed in the com-
munity. Moreover, getting feedback from the community, and stakeholders
help the research gap to be in the right direction, and become a potential
solution to societal challenges, at the same time instructors keep the stu-
dents to work in the focus of the research area.

Upon literature surveyed, there are several challenges in the control of
the smart grid that need further research. In terms of the self-organization
in the operations of distributed designs, using an agent is still a challenge.
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Also, controlling actions on distributed energy resources is more difficult
when there is a large number of promises. Moreover, integrating with re-
newable energy resources in the distribution and transmission side of the
grid requires more intelligence to achieve it. On the consumer side, the
interconnections between distributed plant, centralized controller, and sen-
sors for transmission of information, is still a challenge as all have to be in
a network for communication.

Centralized and decentralized demand response programs are methods
for control and monitor the consumption and usage of each consumer. How-
ever, the centralized approach can achieve the same performance but with
an additional cost because one will need the central control to mobilize and
communicate with all nodes upon topology changes. Also, the demand and
cost of optimizations, the emission, fuel availability, and weather conditions
may affect the price of electricity in the market. Therefore, the electric com-
panies and stakeholders need to focus on the energy management whereby
an individual can sell extra power he/she has in the electric grid rather than
the main grid to supply to all consumers.

Smart algorithms, platforms, and system models lead to an efficient,
reliable, autonomous, optimal solution, etc. from the transmission side to
the end-user. The contemporary approach in control, monitoring, and opti-
mization in the smart grid system nowadays use multi-agent systems. The
majority of researches on the smart grid focus much on power flow con-
trol, demand response, load profiling, and pricing, for DC outputs, while
voltage and frequency regulations for AC outputs. In the management of
distributed energy systems, agent-based systems have been seen to work
successfully. Many researchers have developed agent-based platforms that
have improved the process of control and optimization significantly in the
smart grid. These include JADE, ZEUS, VOLTTRON, REPAST, Any-
Logic, NetLogo, and SimAgent. Most of these platforms run in Java with
different operating systems.

Load shedding is among the technique which is used for demand and
supply in the community to avoid the blackout of the complete system.
Common stages to achieve the process include: (i) Choose the power source
to be used, i.e. main grid or renewable energies, (ii) identify the optimiza-
tion method to be used, (iii) identify the criteria for load shedding, either
critical vs. non-critical loads, controllable vs. non-controllable loads, etc.,
(iv) define each component as an agent and state its attributes or actions
to be done in the systems, (v) identify the agent-based simulation platform
for simulation and designing, and (iv) implement and analyze the system.
Upon implementing load shedding based on critical and non-critical loads,
a user needs to consider the following: (i) define the objective function and
decision variables to use. It can be a shedding process based on the supply
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and demand, or power flow in the system. Also, the variables could be
houses, appliances used, and the source of power, (ii) define the linear in-
equality constraints matrix such as operation modes of the system, this can
be on-state or off-state, (iii) define the set of lower and upper boundaries
for decisions variables such as time, price, and power consumption, and (iv)
define the decisions and action to be made either before, during, and after
the load shedding technique. It focuses on maintaining the minimum fre-
quency for maximizing the anticipated overload.

RQ. 2: How does the agent-based algorithm developed for DC
microgrid affect the performance of a smart system?

The modeling of solar DC microgrid uses the Repast Simpony simulation
software tool which is agent-based simulation platform. The modeling uses
an algorithm for load shedding with different stages/steps on load catego-
rization. The modeling starts with static load followed by dynamic loads.
The load shedding techniques were developed using different attributes in-
cluding state of charge of the batteries (SoC), the power production of the
main power source and individual loads, power consumption, etc.

Secondly, the demand response, which is the demand side management
for energy trading was included to see the effectiveness of the model. Using
Repast which runs in Java, makes the step-by-step simulation more visible.
The model run with different parameters and obtain the results based on
the attributes set in the context during modeling. Using static load data
at a glance aimed at making the idea of starting with small context and
then provides improvements on it. Then, adding features of the dynamic
loads, this includes access and flexibility of the model whereby the user can
also set the parameters and boundaries of power consumption for the loads
to be simulated. In this manner, the power consumption will be generated
randomly based on the boundaries set.

Moreover, the main three agents in the model are solar, storage, and load
agents. The simulation was demonstrated using three houses (one critical
load and two non-critical loads). As the simulation platform, the contextu-
alization of the context and conditions set are the one which will provide
the effect of the model for the solar-driven DC microgrid.

Finally, the results focus on automatic load shedding when the main
power source has a deficiency of power and then it disconnects the non-
critical loads. However, the main solar agent can increase the price of selling
power. This will lead to the individual loads either to decide to sell to the
main power source or disconnect itself from the main power source.
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RQ. 3: How does the designed platform for DC microgrid lead
to the effect in smart system?

To answer this research question, several activities have been done. First,
based on the load shedding and demand response scheme as the control
mechanism for power production, the site was built to demonstrate it at
the College of Information and Communication Technologies (CoICT), Dar
es salaam, Tanzania. The site consists of three individual loads (one critical
load and two non-critical loads), each having its solar panel, battery, and
charger controller as well as the main power source with its battery and
charger controller.

Secondly, the control part was implemented, which covers the switching
processes with actuators and microcontrollers to support and provide data
in the microgrid. The multi-agent system was used at this stage to pro-
vide autonomous behaviour which the Raspberry pi was used with the Jade
platform installed to it. Each device was given the IP address for commu-
nication. Data were sent in real-time mode into the database for further
processing activities.

Thirdly, on the monitoring side, the database was connected with the
control part to work on the load shedding techniques and pricing issues
in the microgrid. The Jade and Raspberry pi were integrated to form the
hardware in the loop (HIL) of which any action sent to the database will be
linked to the microcontroller for action to the actuators. Using the dash-
board system named “Microgrid System” the selling and buying price can
help the individual loads to make decisions on what to do; either to discon-
nect from the main power source and use its local power or decide to sell to
the main power source. The load shedding process takes 600ms latency to
disconnect the loads automatically and when the price increases based on
the pricing algorithm. Also, the energy cost saving has shown the advantage
of using dynamic pricing in the microgrid.
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7.2 Recommendation and Future Work

The world activities are now moving towards smart actions such as smart
cities, smart electricity, smart houses, smart hospitals, etc. These attributes
are the results of having intelligent systems with learning capabilities. In
back years, the idea was to assume on power usage of an individual building,
and the generation of power was limited to few resources. But as time goes
on, people have started to think about alternative solutions and the best
way of handling those problems.

Despite many proposed researchers, the need to explore first what is
existing in the community is significant. It is efficient to understand the
problem existing in your surroundings and then focus on finding the solu-
tions rather than doing it vice versa. There are many best solutions which
are produced but are not relevant to every place. For example, the use of
smart electric charging systems for vehicles in European countries is more
crucial due to cold weather hence more technologies and investments are
needed, but when it comes to Africa, there is no need to have such sys-
tems as the weather is not much cold. Moreover, electricity in developing
countries is more important as many places still do not have compared to
developed countries. Hence, the need to utilize renewable energies is more
significant. Things like the internet, education systems, health are still chal-
lenges, but in other places, these are not major challenges to them.

In general, microgrid technology is a broad topic, and many researchers
are interesting to work on it. The microgrid concept has increased attention
addressing the limited electricity access issues in remote areas and less de-
veloped communities. It may be due to the increasing number of population
and hence more electricity demand. Also, the government is not capable of
handling the provision of the grid to the whole community. However, the
design and implementation of microgrid systems depend much on the per-
fect modeling and deployment of its components. Several challenges exist
in the implementation of an agent-based system such as integration of more
than one platform and real-time data management, especially with large
networks.

The success of the adaptation of renewable energy depends heavily on
the ICT infrastructure that will be used to control the energy consumption
of the consumers. It normally facilitates the building of a new business
model in which the consumer can be a producer and increase the reliability
of the grid system. Also, it reduces the power outage, sustains the growth
of the society, etc. In conjunction with this, using smart grid technology
systematically provides real time data and easy to forecast the demand.
For instance, using IoT devices to design a cheap and easy real-time energy
monitoring system to generate and produce power.
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Also, to benefit from solar power, a rough estimation of the available so-
lar irradiation per year (forecast) should be considered in advance. It could
be achieved through linking with weather information systems to help on
updating the reliability of power in the grid. The accuracy of the weather
will make efficiency in power production, and this will establish a theoretical
value that can be used to justify the investments in solar energy.

Moreover, efficiency and maintainability are two parameters that have
to be considered for the success of energy management. If all the devices
are well maintained, for example having the automatic checking and moni-
toring of the solar panels and batteries, automatic sending messages of fault
reports, etc. hence the growth, development, and stability of energy will be
seen and become productive. Also, the presence of a Database Management
System (DBMS) in the energy management process controls the process due
to having all information on users, the generation capacity, and transmission
data at any time. The database keeps on receiving and sending information,
hence create sufficiency availability of data and services needed.

Furthermore, based on the growing demand for efficiency and reliable
power, the integration of distributed renewable energies in the smart grid
addressed the power shortage, improved the reliability of the grid, trimmed
the cost, etc. Using the proper algorithms and technologies will minimize
problems if not to diminish them.

Last but not least, several procedures are more significant upon the de-
signing and implementation of a microgrid. These are: (i)Involve the com-
munity to understand the challenges facing them and what they need as a
priority to them, (ii)Define the vision and map/scope you want to deploy,
(iii)Select the technology and approach for deployment using stakeholders
and the community, (iv)Consider the scalability and maintainability of the
design, (v)Consider the optimization for risk minimization and risk assess-
ment and (vi) Consider the IT & business integration.

Further research should be undertaken to explore how the blockchain
technology can be used to implement the control mechanism and the effect
of it in developing countries to go in hand with the 17 UN global challenges.
Also, using this work to provide the platform for other students under this
project to add more features of the microgrid such as fault detection and
self-healing, communication and resilience aspects, integration to other re-
newable resources, etc. is a significant matter. Moreover, the architecture
can be used by the BSc. and MSc. students for learning and practising
the CDE methodology with different challenges from customers regarding
electricity for microgrid and main grid.
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