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Abstract

The ever continued growth and development of distributed generation (DG) in the electrical grid
system led to the increasing expansion of microgrids across the world. Microgrid is distributed
power generation units, energy storage devices, and controllable loads with the capability to
operate in both grid-connected and island modes. Microgrid's economic operation is achieved
through an energy management system that optimally schedules distributed generations and
storage devices and continuously balances supply and demand. In this paper, a formulation of
optimal unit commitment and dispatch scheduling of DGs in a grid-connected microgrid is
presented. Mixed-integer linear programming (MILP) is used to carry out the optimal resource
scheduling model. The goal is to reduce the overall operating cost of the system by optimally
utilizing an energy storage device and a diesel generator unit by using load and renewable energy
generation prediction. Operational constraints such as generation limits of DGs, battery
charging/discharging limits, and state of charge (SOC) limits to be satisfied during all intervals
of operation. Simulation results indicate that the operational cost of the system is effectively
reduced through optimal scheduling of an energy storage system and a diesel Genset unit using
the proposed strategy.

Keywords:Distributed generation (DG), Microgrids, Energy Management Systems,

Optimization, Mixed-integer linear programming (MILP).
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CHAPTER ONE
INTRODUCTION
1.1 Background

Energy is still playing an increasingly significant part in developing the economy,advancing the
technology as well as improving the industry of mankind. In recent years the world’s electric
power needis observed to be growing, this demand is anticipated to double in the coming 20years
as well [1]. The fossil-fuels which have been utilized as the main source of power until now are
quickly exhausting calling for us to find additional alternatives of energy source. Wind energy as
well as photovoltaic solar panel are becoming the best for an energy source in the world [2].

The World Wind Energy Corporation (WWEC) estimates as of June 2017,gross installation of
wind energy amount reached 486,661 MW worldwide by the end of
2016.Africa,pacific,oceania,Latin America ,North America, Europe &Asiahave increased
their percentage of new wind energy installations to 53 %, 23.2 %, 16.2 %, 6.5 %, 0.8 % ,and
0.3 %, respectively, by the end of 2016. China (168, 730 MW, by the end of 2016) and USA
(82,033 MW, by the end of 2016) are the top two leading countries in terms of installed wind
power capacity. PVSolar is also a major source of renewable energy and the world has over
303,000 MW of installed solar power capacity by the end of 2016, according to Global
Data’s latest report. China (78.07 GW, by the end of 2016), Japan (42.75 GW, by the end of
2016), Germany (41.22 GW, by the end of 2016) and the USA (40.3 GW, by the end of 2016) are
the top four leading countries in terms of installed PV power capacity.

According to their report, the United Statesgovernment has a plan to generate 20% of the grid
electricity from wind energy by 2030[3] — [5]. China has also a strategic plan to remain a
considerable influence on the global renewables market over the future, remaining the world’s
largest wind and solar installation market and increasing its share in the coming years. However,
on the other hand, the U.S. depends onan aging power grid and pipeline distribution systems,
some of which built in the 1880s. China has most of its generation sources at the west end of the

country which is very far (more than 3000 km away) from large load centres (eastern region).

The development of renewable energy (RE) and distributed generations (DGs) will assist on
improving usage of the presentelectricity systems decreases thepower consumption of the fossil

based fuels &decreases transmission of power and distributions of power losses & reduces costs,
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increases the reliability of power supply and improve and guarantee power quality.However, the
higher penetration of distributed generations results in the technical issues of which incorporate
power management, power quality, reliability, power security and comprehensive power system
efficiency, the interconnection of with grid and regulations etc. [6] [7]. The transmission of
power and distributing of power greater than capacity and high cost to assure or to increase
electric and fossil fuel gas costs instabilities, electric power quality, efficiency and consistency
problems, cyber safety and the physical security attacks, ongoingpower systemrequirementissue,
climate related actions and a imperfect maintenance care haveplayed a great role to a rising
number power disturbances. These are a few of the driving forces to the present transfer of the
global energy industry from huge connected and centralized electric power systems to the
distributed small scale power systems so-called MG’s [8]- [11]. Transmission controlsrequiring
supplies closer to loads, technological innovations of renewable energy resources, energy
efficiency, reliability, security, economic savings, and sustainability requirements are several
other propulsiveforces for the concept of microgrids. The following subsections introduce the

technologies, research and development of these emerging power systems.
1.1.1 Distributed Generation

The Distributed Generation mainly describes the small-sized power generators linked to the
energy distribution grid characterized by measured powers starting from a few kW up to tens of
MW powers. Several distributed generation technologies are currently broadly advanced, for
instance including traditional power generators through diesel Genset plants and well-established
RE systems, for example wind turbines and photovoltaic solar panels. Among a variation of
distributed energy resources is well known renewable resources of energy that has an essential
role in providing a sustainable energy source infrastructure, as they together exist in abundance
& eco-friendly,but the intermittent nature & the uncertainties Corporates with renewable tools
pose enough technological & financial challenges for system planners.

TheDistributed energy resources there are primary energy sources which are infrequent &
fluctuating some extent such as WTs & PV. Their installation led to trends in developed MGs
equipped with sufficient energy storage facilities & spinning reveres. In addition to fluctuation
with the interruptions, energy storage systems play an essential role to decide optimum moments

to purchase & sell electricity to the utility grid.



In the previous several years, the energy industry has seen significant shift towards renewable
energy generation technologies in the face of rapidly depleting fossil fuel power generation, the
rising of electricity demand and the strict policies of governments on decreasing of pollutant CO,
across the world. The constant growth in renewable energy technologies has in turn paved the
way for increased growth and application of distributed energy resources (DERs). Nowadays,
several kinds of DGs for instance Wind turbine (WT) generators and PV solar installations are
attracting more and more attention and these DGs are linked with low voltage power distribution
networks [12]. DG is a small-scale electric power generation source meant to produce power at
the location of consumption and linked with a distribution network or only supplies power for
the local load as Uninterruptible power supply (UPS) systems. This approach brings power
generation and control to the location of consumption and removesthe inefficiencies and
complexity associated with congested long-distance transmission and distribution networks.
Distributed generation bases suggest viable energy production opportunities as well as direct
towards improved economy together with eminent consistency, decreased CO, emissions and
eminent efficiency [13]. Reference [12] summarizes main advantages of distributed generation
systems as follows:

e Extreme consistency of electricity supply; especially while service disruption is

intolerable.

e DGs are variable to utilize RESs

e Extreme quality of power

e Better solutions for electricity supply across remote areas anywhere the utility grid not

reachable to the consumers.

Detailed review paper on the DG realization using the microgrids was done recently [6] &

[14].it touches upon many parts of DG&MG design. Several DERs as diesel engines, micro

turbines, fuel cells, photovoltaic, small wind turbines etc. & their coordinated process &

controller with controllable loads & storage devices such as capacitors, flywheels, batteries

etc. are main effort of the MG design, operational plants for micro-grids grid-connected or

islanded mode in [16]. Several case studies of microgrids around the world have been

deliberated.



1.1.2 Microgrid

Microgrid (MG) is a set of interconnected loads and Distribution energy resources (DERs) at the
power distribution level with classified electrical limitations that has black start capacity and can
work both in isolated or non-isolated mode. RESs like wind, PV and regular generation sources
like micro-gas turbine, fuel cells and Diesel powered engines (Des) are the chief power DGs

resources in MG.

Microgrid can also express as a cluster of loads, DG units & ESSs controlled with reliable
electricity source & can be coupled to main power system at the distribution level at a single
point of connection, the point of common coupling (PCC) [17]. The forthcoming power grid
could mainly produce electric power [18].MGs can also distribute financial benefits through
small-scale renewable energy investments & implementation of suitable control & managing
facilities [16]. Implementation of microgrids by way of the vast combination with DG would
allow the technical challenges to be solved in a decentralized technique, decreasing the need for
very ramified & complicated central coordination & enabling achievement of the smart grid [15].

Figure 1.1 Microgrid Diagram

The main objectives of the MG concept include facilitating the speedily increasing penetration of
DG systems into power networks & provision of reliable electricity supply [19], to critical local
loads. MGs offer 3 main benefits above the traditional supply of electricity including central
generation stations, long distance energy transmission over a network of high voltage lines, then

distribution through medium voltage networks [20]:



e Implementation of combined heat & power technology
e Prospects to adapt to the quality of power distributed to enhance the constraints of end
consumers
e Make more beneficial environment of energy efficiency and small-scale RE generation
investments.
Coordinated operation of DERs as MGs has the potential to increase system reliability and power
quality due to the decentralization of supply and control. Increase in reliability levels can be
obtained as the distributed generation network can be allowed to operate autonomously in
transient conditions, mainly if there is an outage or in case of disturbances upstream in the main
electricity supply network. While grid connected process; distributed generations alongside the
utility grid supplies power for the local load. Incase energy generated is bigger than the load use;
the surplus power could either be stored in the energy storage unit or injected into the grid if
there is demand. Conversely, incase energy generation is lesser than the load need; extra energy
could be taken from the grid. For islanded control; the distributed generations must deliver
secured voltage and frequency at the Point of common coupling (PCC) also accelerate the loads
automatically. Furthermore, the MG must be reconnected to the utility grid faultlessly while the
grid is made open again [12] [15].

MG systems usually integrate regular power generation units and RESs connected to energy
storage facility. In order to successfully integrate renewable Distributed Energy Resources (DER)
such as wind and PV, many technical challenges must be overcome to ensure that the present
levels of reliability are not significantly affected, and the potential benefits of distributed
generation are fully harnessed. Some of the main issues that need to be addressed include [21]
[22]:

e Schedule and dispatch of units under supply and demand uncertainty, and determination
of appropriate levels of reserves.

e Reliable and economical operation of microgrids with high penetration levels of
intermittent generation in stand-alone mode of operation.

e Development of new voltage and frequency control techniques to account for the

increase in power-electronics-interfaced distributed generation.



1.1.3 Energy Management Systems

Effective operation of a MG system wants an energy management system that plays a central
role of monitoring flow of electricity in the system by optimum setting amount of power
replaced between the microgrid & the utility grid, altering setting of dispatchable generation
units & manageable loads depending on the current & forecast electricity tariff information,
generation prediction, & load prediction in order to fulfil certain objectives & technical

constraints [23]. This work is mainly focused on energy management in microgrid systems.

Microgrids accommodate a wide variety of distributed energy generation and storage options.
The system is essential to accomplish a coordinated control & optimal management of energy
resources while minimizing operational and maintenance rates. The concept of MG has increased
the level of renewable energy penetration in to electric power supply networks, without a direct
coupling with the conventional grid components. This is possible due to the unique feature of a
microgrid, which allows both grid-connected operation and islanded operation in case of
disturbances or power outages in the main grid. During grid-connected operation, the grid
determines the voltage amplitude and frequency of the entire microgrid [24]. In this mode of
operation, the DGs of the microgrid share its local loads with the grid supply. The main control
objective is therefore to optimally set operating points for the dispatchable DGs and storage units
to ensure economic operation and optimal scheduling of various sources. In stand-alone or
islanded mode of operation, the microgrid operates as an independent entity. This mode of
operation is significantly more challenging than the grid connected mode, because the critical
demand-supply equilibrium requires the implementation of accurate load sharing mechanisms to
balance sudden active power mismatches. In the absence of the main grid, voltages and
frequency of the microgrid must be controlled by different DER units [24] [25].

From microgrid energy management point of view, unit commitment (UC) and economic
dispatching generation devices, storage systems and loads within the system are crucial aspects.
The intermittent nature of the renewable energy resources in the system poses a major challenge
to ensure economic operation of the microgrid. Particularly wind & solar power plants cannot
produce power steadily then wind speed & solar radiation change during the day and the
seasonal of year [26]. Power system is however compelled for maintaining balances of the

generally supplying as well as demands when operational in several practical as well as



economic constrictions. Since loads as well as generating balances are very significant necessity
on power networks, RESs such as wind power as well as solar’ inconstant assimilation also
unmanageable nature makes regulating power extra complicated, energy generation and demand
predictions are consequently conducted for ensuring organized operating of renewable energy
sources alongside several different source of energies and maintain operational stability within
the microgrid. The accessibility for precise prediction of energy generation and demand some
hour to time ahead allows the operators for planning UC, optimized power production program,
schedule for maintaining of energy supplies as well as accessory, loads shed also several
operation characteristics. Based on demand and generation prediction results and other
operational information, optimal energy management strategies are employed to ensure
economic and stable operation of the microgrid under both grid-connected and islanded modes.
This study deals with a central energy management system for controlling an optimal scheduling
of DGs as well as charging and discharging of an energy storage device in order to minimize the
cost of electricity consumed in a microgrid. This is to be achieved by taking additional advantage

of time-of-use pricing during grid-connected mode of operation.

1.1.3.1 Generation Power Forecasting

RESs, particularly PV solar power as well as wind power resources are among the best favorable
power sources considered free, clean and abundantly available. For these reasons, they keep
extending their share in electric power generation in the face of diminishing conventional fossil
fuel energy sources and rising environmental protection concerns [27] [28]. Wind and solar
energy resources are highly stochastic. Regarding wind energy source, its stochastics behavior
appears by different aspects like seasonal changes, air pressure, landscape, temperatures, etc.
[29]. Availability of solar energy also varies with time and weather conditions. MG techniques
usually combine traditional power generating unit as well as RE source including power storing
devices for powering locally controllable loads. It is therefore essential to accurately forecast the
energy available from the intermittent renewable energy sources in order to overcome
operational difficulties in management of microgrid systems and plan an optimal schedule of
energy storage and other dispatchable distributed generation units. One day ahead power
generation forecasting, known as short-term forecasting, in microgrids is particularly crucial to

plan optimal unit commitment, economic generation scheduling, energy storage dispatch, load



shedding and other aspects such as ensuring security and grid integration.

Concerning short-term wind power generation predicting(WPP), several methods have been
reported in the literature. The wind power generation forecasting methods available by study are
generally classified into 2 methods; Physical methods and statistical [30] [31]. The physical
method wind prediction simulations use input variables derived from physical or meteorological
data like pressure, temperature, terrain report and obstacles [25]. Many methods of physical
prediction custom wind flow patterns around wind farms and turbine power curves to estimate
wind energy output. Statistical methods are designed to identify interpretive input variables and
to find out the relationship between variables and verified energy statistics to create wind
generation forecast pattern [32]. The approaches could make use of various types of procedures
and modeling techniques to create a correlation among the forecaster and energy production goal.
The physical approaches are relatively beneficial for a long term prediction, whereas the
statistical approach is better effective for short term predictions [30] [33]. Regards to time span
for short term WPF is a few days or a range of predictions, from minutes to hours or time steps
[34].

Over the past few years, researchers have come up with a wide range of predictive modeling
strategies for various wind speeds and power. Time sequence consideration methods like
autoregressive motion average, Autoregressive integral moving average (ARIMA) , artificial
neural network approaches were mostly used [35] [36]. Different latest approaches like Al
(artificial intelligence) and hybrid approaches, like support vector machine (SVM), NF (Fuzzy
Logic, Neuro-fuzzy) network and future optimum approaches drawn a wide range of research
interests in recent years. Wind speed and power field. [31] The application of short-term wind
power forecast strategy based on artificial neural network is proved. Reference [37] using diverse
kinds of neural networks to simulate the speed of wind and direction of wind in numerous time
ranges, it is observed the FFNN has the greatest performance in wind speed forecast, while the
influence of EIman network on short term wind direction is top predicted. In [38] A hybrid wind
energy generation prediction method founded on neural network and wavelet transform is
proposed. In research [39] a two-stage, fully statistical prediction method for wind power
generation is proposed. In the first stage, the wavelet decomposition of wind speed time series is
used to predict the wind speed, in the next few hours by using adaptive wavelet Neural Network
(AWNN). The two-stage wind was predicted by using Feedforward NN. In [40], a short-term



wind power prediction method based on support vector Machine (SVM) is proposed, and the
performance of this method is better than that of persistence model and RBF-NN-based model.
Study [41] labels fine tuning of the LS-SVM (least squares support vector machine) approach for
the speed of wind prediction. It is considered that the least-squares method is superior to the one-
step predictive persistence method. In [42], a method of short-term multi-step forward speed of
wind and energy prediction employing a hybrid method of integrated density neural network is
proposed. In reference [43], the ANFIS strategy was employed to apply a arithmetical time
sequence speed of wind forecast model. [35] And [44] demonstrated the use of genetic algorithm
and BP hybrid method in wind prediction training and neural network applications. A short term
wind energy forecast method established on EIman NN training PSO scheme is proposed in [45].
The authors report that this method has achieved improved outcomes than the model centered on
BP neural network. [25] In this paper, a hybrid wind power prediction method based on wavelet
transform, PSO and ANFIS is introduced. Although it demonstrates the efficiency of this method
relative to the different time series approaches, the method customs historic wind energy
sequences in order to forecast upcoming rates in the system, regardless of various outer variables.
Reference [46], the weighted factors of the hybrid wind prediction system composed of the
persistent model BP neural network and RBF NN are optimized by using the enhanced particle
swarm optimization (EPSO). It is reported that the performance of hybrid models is better than

that of a single method.

The importance of the issue of solar resource forecasting has also drawn the focus of many
studies worldwide. Substantial body of studies in the field is mainly concerned with forecasting
solar radiation [45, 47-48], which is the single most important parameter in solar power
production. Other studies have focused on forecasting of solar energy production directly [49-51].
Several forecasting techniques targeting different forecasting time horizons have been reported in
the literature [52-54]. Application of time series modelling techniques for solar radiation and PV
power generation forecasting has been demonstrated in references [50-51, 55]. Artificial neural
networks-based PV power and solar radiation forecasting methodologies have been presented in
references [56] and [57] respectively. Other techniques reported in the literature include forecast
modelling approaches based on support vector machines (SVM) [58], adaptive neuro-fuzzy (NF)
networks [59, 60], evolutionary optimization and other hybrid methods [61-65]. References [66-

68] provide comprehensive review of various photovoltaic power forecasting techniques.
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1.1.3.2 Electricity Demand Forecasting
Electricity demand or load forecasting (LF) is mostly described as the art of forecasting the
future load on a given system for a specified period ahead [69].short-term load predicting in the
order of a few hours to several days is a key issue for reliable & financial operation of power
source. Several operational decisions such as dispatch scheduling, reliability analysis, security
assessment, automatic generation control, load shedding & maintenance plan for generators are
based on short-term load forecasting [70][71].MG load forecasting plays an important role to
enhance management and usage of conventional and renewable energy mix within the microgrid.
It also helps increase finances of energy exchange with other microgrids & the utility grid.
Different STLF techniques have been suggested in the last decades. Traditional & timely
predicting approaches include exponential smoothing [72] regression [73], autoreg ressive
moving average 9ARMA), Kalman filter [74][61],& time — series methods [69].different
artificial intelligence (Al) based methods such as artificial neural networks (ANN) [76], pattern
recognition [77], expert system [78]-[80], radial basis functions (RBF) [81], fuzzy time-series
[82], fuzzy neural networks [83][84] have also proposed. Application of support vector
regression (SVR) for short-term load forecasting for office building is demonstrated in [85].
Reference [86] &[87] demonstrate effectiveness of combining wavelet transform & extreme
learning machine for short term load forecast modelling. A hybrid STLF modelling technique
that proposes a modified generalized regression neural network (GRNN) based on a multi-
objective firefly algorithm (MOFA) aiming at enhancing forecasting accuracy and stability is
presented in [88]. Other studies have also shown the effectiveness of NFNs for load forecasting
[89]-[91]. Development of a new hybrid evolutionary fuzzy model for smart-grids load
forecasting whose parameters are optimized using meta-heuristics is presented in [92].
Application of evolutionary optimizations such as genetic method (GM) & particle swarm
optimization (PSO) & other hybrid forecast modeling algorithms have been demonstrated in [93-
96]. Another useful technique known as empirical mode decomposition (EMD), has recently
been applied in many studies in the field of forecasting [97-100].EMD is an adaptive nonlinear
decomposition technique used in analysing nonlinear & non- stationary signals. The technique
can decompose any complicated time —series signal into a finite number of constituent signals
called IMFs which can be more suitably & precisely modelled & forecasted compared to the

original signal [101].
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1.1.3.3 Optimal Scheduling of Resources

Coordinated operation of DERs, load as well as energy store system in the form of microgrid has
the potential to increase system reliability & power quality due to the decentralization of supply
[102].MGs can also provide economic advantages through small-scale renewable energy
investments & implementation of appropriate control & management facilities [16]. DERs that
establish microgrid typically incorporate wind turbines & photovoltaic installations where the
primary energy sources are infrequent & fluctuating. The continuous introduction of intermittent
renewable energy resources and the constantly fluctuating price of electricity have led to trends
to develop microgrids equipped with sufficient energy storage facilities. Efficient operation of
microgrids needs the use of energy storage systems and other dispatchable units to maintain the
balance between energy generation and demand in the system. Apart from dealing with the
fluctuations, energy storage systems and dispatchable sources play an essential role to decide
optimum moments to buying & sell electricity from to the utility grid. From to the operational
requirements point of view, the MG system is required to accomplish an organized control &
optimum management of energy resources while minimizing functional & repairs costs.
Ensuring a smooth & reliable operation of a microgrid requires an efficient energy management
system that dynamically fits the energy production to the consumption and ensures an optimal
combination of DGs and energy storage units that accomplishes stable and economic operation.
The EMS which plays a central role of controlling flow of electricity in the system by optimum
setting amount of power exchanged units & controllable loads depending on the current &
forecast electricity tariff information, generation prediction,& load prediction in order to satisfy
certain objectives & technical limitations [103].

In order to take full benefit of the financial & ecological advantage that come from optimal
control of microgrid efforts have been made to develop & apply various optimization techniques
& control strategies [140]. Stochastic program based plan is formulated in [105].with the aim of
minimizing overall cost of electricity & natural gas usage in a building. Analysis of tough
scheduling & unit commitment problems with penalty based costs for hesitation in generation is
delivered in [106].application of neural networks to resolve the energy source optimization
problem in power source networks has been demonstrated in [107-108]. Dynamic economic

dispatch model for microgrids employing dynamic programming step by step procedure is
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presented in [109]. Reference [110]. Suggests a day-ahead battery scheduling for microgrids
based on statistic optimization principle. A MG optimization plan based on linear programming
is presented in [111]. Quantum-inspired evolutionary step by step procedure is employed in [112]
to optimize operation of a MG in terms of reduction of operational cost & emissions.

1.2 Background of Energy in Africa

As stated by the World Health Organization (WHO) available data, approximately 3 billion
populations use animal dung, burns firewood, use charcoal, crops and coal; in order to satisfy the
day to day power supply needs in their life and amongst aforementioned 3 billion populations
nearly 1.3 billion populations do not have access to electricity power. Further, 80% and more of
the populations that don’t have access to electricity and living in energy poverty are living in
rural parts of third world countries. In spite of its energy resources wealth, the African continent
is electricity inadequate zone on earth because of the not fully formed electricity infrastructure
[113-115]. There is massive difference in rates of electrification among the African countries
particularly in SSA. In SSA the standard per capita electricity use is at 488 kWh per annum,
which is the smallest per capita electricity use on earth, when compared with the North African
countries it is likely 1500 kWh per capita [116].

Household electrification rates vary widely in Sub-Sahara Africa; the electrification rates of
households in countries such as; Senegal, Nigeria and Ghana are greater than of countries like
South Sudan, Chad, Malawi and Liberia[117]. The rural parts of countries in SSA are regularly
not connected with the country’s national electricity grids, thus have very poor electrification
rates. According to estimation by the World Bank, the 25 SSA countries are looking towards an
energy catastrophe as it has been proved by continuing power cut [118] Almost part of nations in
the Sub-Sahara Africa zone which is 24 of 50 nations has electricity access rates in single digits
[118]. Nevertheless, connection to a grid would not assure a reliable and dependable electricity
services since populations located in urban parts have some power grid connections that are
defective, undependable and uncertain[119-125]. For example, country of Nigeria has numerous
power shutdowns that the grid was labeled as “epileptic.” In spite of improved electrification
works worldwide; electrification efforts in SSA do not match with the rapid population growth,
still the share of people with no access to electricity continues to be large [126]. Hence, Africa

still confronts a great challenge which contains an electricity gap in two different scopes: an
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inequality between the supply of energy and demand around grid-connected areas, and energy

access lack around off-grid areas [116].
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Figure 1.2Large population depending on the outdated use of biomass for cooking in Sub-
Saharan Africa by sub-region, 2012 [128].

1.2.1 Africa’s Current Electricity Access

Total energy generation capacity of the 47 Sub-Sahara African countries without including South
Africa is predicted to be at 45 gig watts (GW), which is smaller than of Turkey. Almost 25% of
the generating capacity is inaccessible at present because of a huge lack in operations and poor
maintenance actions [129]. Since year of 1990 to year 2013 the new generation capacity added
was only 24.9 GW around Sub-Saharan Africa countries. Among these which South Africa added
a capacity of 9.2 GW [130] [131]. Since year 2000, there seems to be comparatively significant
growth, which nearly 13.8 GW of new generating size were enhanced across SSA, however
several nations were behind generating capacity in the past years by consequence of weak
maintenance efforts [132]. over the past decade in Sub-Saharan Africa countries, an average of
1to2 GW of energy generating volume were being added per annum, which shows a large gap
that is behind the World Bank’s estimation of 8 GW generation capacity adding constraint over
year 2015[131]. Besides, the progress of electrification through Sub-Sahara African countries is
unequal; only a small number of countries like Ethiopia, Gabon, Ghana, and Kenya are in line to
grasp universal access to electricity by year of 2030. Great number of Sub-Sahara African
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countries generation capacity possibly will collapse to keep pace with energy need run by
continued population growth [133]. International Energy Agency estimates [134] that 90% of
worldwide access to electricity shortage will be in the sub-Sahara African countries since the rest
of the world countries are in line to reaching universal electricity access by year 2030.

Triggers and results for energy generation shortages in Sub-Sahara African countries have been
widely explored in [135-139]. Overall triggers mentioned include low recovery of cost, the
underselling of electricity power, losses of distribution, including other issues preventing
investments in the industry. Nearly an amount of US$21 billion dollar of public funding which is
1.5% of regional GDP [136] goes to unproductive and inequitable energy funding for fossil fuel
productions. Economic growth is being crippled by power sector ineffectiveness. Study by The
World Bank predicts that Sub-Saharan Africa is losing US$8.2 billion dollars per annum [140].
Poor families endure the burden of this energy crisis since they need to pay about 20 times the
amount spent by on-grid high-income households.

It has been estimated, over 50% of the sub-Sahara Africans are going to be residing in cities and
nations’ economy will increase roughly by 6 time by year 2050 [141]. Electricity need is
consequently likely to follow the same path and Sub-Sahara African countries will have to
increase access to energy percentages as to minimize the shortages of energy supply at present as
well as to grasp energy increase in the future for demand of an environmental and economy

development.
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Figure 1.3Electrification and Accessibility of SSA, 2013[142]

1.2.2 Productive Use of Microgrids in Africa

MGs provide an inexpensive and consistent solution when put side by side with power grid
extensions to parts that are far located from the grid. In several countries worldwide, the rural
areas electrification is expected to be partially attained with micro power grids solutions,
microgrids allows REs and also fossil-based fuel combination therefore helping as the best
solution to tackling Sub-Saharan Africa’s energy sources, energy storage and load inter-
connection demands. Falling in line with the COP21 conference call for MG energy systems that
primarily build on REs sources, however supplying high power and ensuring quality service
could be challenging to be achieved while MGs are based on variable RE sources.

Electrification of the rural partis expected to be achieved partially in years to come by deploying
of off-grid systems and MGs. The IEA [143] estimates that among the 315 million of African
populations presumed to gain electricity access by year 2040; about 80 million populations are
expected to gain electricity access through off-grid systems, and population about 140 million
are expected to have access through microgrids (MG). The expansion of microgrid brings up

several questions, of which in recent years have been gaining even more devotion
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[144].Including the technical and socioeconomic viability situations are the focus of some recent
studies [145].

These recent studies regularly reflect hybrid MG, where virtual renewable energy productions
such as solar, wind and /or hydraulic is enhanced by biomass or diesel generator [146-151]. The
prospect towards advancing microgrids alone with renewable energy is yet an essential issue
whether to subsidize to the serious de-carbonization trails needed to restrain climate change
under 2°C [152], or to be capable to do it with no fossil fuels, energy source for which it is very
challenging to guarantee a steady energy supply in remote parts worldwide and which might turn
out to be more expensive in the midterm.

Although the direct cost of establishing renewable energy generating apparatus is very elevated
compared to the implementation of fossil fuel generation; the issues including unreachability of
countryside and isolated parts in sub-Saharan Africa coupled with increased fuel costs has led to
long-term expected operating costs. The decline, which makes the scale rise, is conductive to the
generation of renewable energy. Despite this, some renewable energy sources like hydropower
and geothermal are discrete, while other sources of energy like wind and solar energy are
essentially sporadic. Installing decentralized MGs near power generation and demand can
prevent some of the economic and technical difficulties mentioned. In remote areas where grid
expansion costs are very high, distributed generation, transmission power and distribution power
are mostly the most cost-effective options. This can be achieved by handling the implementation
of the RES and MGs.

Numbers of countries in Sub-Saharan Africa contain utility grids which span a minor
topographical area supplying generally the populations located around urban areas. This is
essentially credited to extreme direct capital expenses coupled with establishment of sufficient
energy infrastructure. Furthermore, demand in rural parts of the region and remote areas is very
low therefore reduces the effort of providing electricity access to rural areas as the duration over
which the investing could be retrieved is unattractive [153]. The utility grids are subtle to energy
production and load shifts as well, direct mixing of the power output from intermittent renewable
energy source is unattractive since improper variations in grid voltage and frequency could
trigger major system damage [154]. For frequency smoothing and voltage stabilization,
installation of MGs with storage can help by increasing or decreasing power when needed [155].
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The anticipated energy output can then be unified and combined into the grid through MG to grid
interconnection. Regardless of having several RES, most societies in Sub-Sahara Africa remain
with no access to electricity. At present the rural as well as remote areas community’s electric
power demands are delivered through 3 means: first; diesel powered or gas grid-connection, also
renewable energies commonly locations that the grid is extended outside urban area; second,;
village/communities stage as well as industry minigrid or microgrid system powered by diesel,
renewable energy, or powered by mix of diesel and RE. third; households stage; usually
standalone devices also off grids device as well as system powered using diesels, old fashioned
biomass and renewable energies for generating energy, to produce heat, for cooking, as well as
for different beneficial consumptions [156] [157].

Still, to assure persistent social development along with growth of the economy in the SSA
combined with demand to addressing rural areas access to electricity work and the overall
electrification shortage, renewable energy sources and MG technologies are intended to lead the

movement [158].

1.2.3 Energy Potentials of Sub-Sahara Africa

Even though electrification rate across Sub-Sahara Africa is poor, the region is gifted with plenty
of energy potential in form of renewables such as wind energy, solar power, hydro power,
biomass and other potential energy resources including fossil fuel, none sturdily displays the
amount of energy potential Sub-Saharan Africa contains than the proportion of yearly output
capacity to present day internal power use of REs for distinct nations [159]. The astonishing
unexploited renewable energy potential is very large that even in Sub-Saharan Africa massive
energy consumer countries such as Nigeria and South Africa, where the ratio is 2.0 and 1.3,
respectively. The following Table 1:1 demonstrates how the renewable energy resources are
spread throughout the SSA region [160].
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Table 1-1Renewable Energy potentials per SSA regions, 2011, twh/year

SSA Regions Hydro | Solar Wind Energy | Biomass CSP
Eastern Africa 578 2,195 309 642 1,758
Southern Africa 26 1,628 100 96 1,500
Central Africa 1,057 616 16 1,572 299
Western Africa 105 1,038 17 64 227
Total 1,766 5,477 442 2,374 3,784

The Rift Valley structure goes across the East Africa delivers extra power capacity for the nations
around East Africa region. The energy potential across the region is anticipated to be 88 TWh per
annum [160]. Besides, although majority of the African countries are net fossil fuels importers,
Sub-Sahara Africa possesses substantial quantities of fossil fuels in its resources. In year 2011,
the continents share in global oil production has been nearly 10% and 55% of the production that
is around 67,519 million of tons’ production is by the SSA nations [161]. Furthermore, 49% of
the continents gross natural gas production that is 273,459 million of tons 8% of the global
production is by the Sub-Sahara African nations as well [161]. Coal assets are largely condensed
in South Africa, since South Africa possesses 95% of the entire Africa’s coal in the country alone.
In year 2009, fossil fuels were estimated to be approximately 50% of power generation of the
whole African region, with biofuels, nuclear energy and additional renewable energy sources
estimated for 47%, 0.5% and 1.5% respectively [161]. The segment of the renewable energy
resource as energy production sources is decisively small which implies that plenty of chances in
the area are available. Furthermore, it implies the problem of energy security in Sub-Sahara
Africa is not yet appropriately directed as well. Power sectors economy reliance on fossil-fuels
makes the economy susceptible to extreme and inconsistent costs of fuel. Highly prices become
expensive energy prices and intermittent prices hamper the planning. Furthermore, in areas
where accessibility is still a challenge such as in Sub-Sahara Africa shown in Figure. 1:3, the
prices correspondingly depend on transportation expenses. Hence, difficulties which happen
from fossil fuel reliance must act as spurs to drive Sub-Sahara Africa countries to grow energy
security by taking advantage of the existing renewable energy means. According to IRENAs

estimations; the global access to electricity in the continent could be simply reached by year

18



2030 if the appropriate policies are applied and that the activity will need to fully utilize
renewable energy potential of Africa [160]. The RE capacity of Sub-Sahara Africa is a great
advantage which could improve the mission of electrifying the SSA region, or else the mission
may seem very challenging.
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Figure 1.4Location and potential (TWh) of every nation’s RE resources inside the SAPP and
EAPP. [162]

(A) Maps show the location and quality of renewable energy potential.

(B) Corresponding bar charts for each technology show the generation potential (TWh) of
each resource quality range (in kWh-m—2 -d —1 for insolation and m/s for wind speed) for each
country. Countries are sorted by generation potential (high, medium, low). The 2030 demand for
each country, as projected by the EAPP and SAPP Master Plans, is provided as a reference point
(2, 3). [162]

1.2.4 Review on Development of Energy Mix in Africa

Regards Africa having both plenty of internal fossil-fuel assets and know-how in running the
fossil fuel powered grids, power generation using fossil fuels are regularly considered as reliable
and moderately reasonably priced. Furthermore, the small earnings rate of nations in Africa
indicates that the government body place huge weight on preserving small power costs when
implementing policy. On RESs there is only small experience if not none and some doubts if the
low energy costs presented could be achieved in reality. A summary of model outcomes under
this section although, do not indicate any inconsistency among fast development in power source
and the energy system in line with 2015 agreement in Paris of 2°C direct for the global warming,

the models take into account the combination of fossils with RESs as an ideal optimal approach.

The very latest drop in costs for REs, the fast acceptance of REs in Africa and the reevaluation of
methodologies to address inconsistency did affect a turn more in favor of REs. several
approaches believe it as achievable and reasonably priced to enhance nearly the entire new
power for electricity generation from RESs. Considering, the harmful results of fossils on well-
being, regional environmental quality, nation’s political constancy and corruption, along with the
growing prices of power generation makes it very apprehensible that a modification from fossil-
fuels to REs is very well lined up together with countries benefits. The first experimentations in
Africa by means of strategies like auctions [163] indicates by what means a shift from fossil-fuel
to REs could be realized and that costs for REs in the scale of fossils could be attained. The
power generation assortment/combination of the time ahead might accordingly contain the fossil
fuel parts that have previously been built along with a growing part of various RESs, like hydro,

solar, wind powers and biomass.
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Following that the cost REs going down, the price scale of REs overlies with the cost range of
fossil-fuels, indicating that the REs are an appealing opportunity for investors for many reasons.
Taking into account that the extra price of fossil-fuels obliged on the society could mark fossil-

fuels as even less appealing.
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Figurel.5RE based mini grids being competitive (Cost of energy production from mini grids)
[164].

As a first input, power generation mix situations for African continent by five very thorough,
properly detailed energy economy simulations from reviewed publication are presented, the list
of these models are illustrated in Figure 1:6. The assessment of shown model outcomes presents
significant similarities and variances among them. Every model foresees a chance for the
continent a quick economic growth including adequate power whilst obeying 2°C goal. The
developed simulations presume that several diverse power supplies will be utilized as well, for
the reasons that several power sources are complementary and since the ideal places are limited.
The most significant energy contribution will be accessed from RESs, primarily solar, wind
power, hydro and biomass. When the majority models reflect RE as the major methodology to
climate change mitigation, the rest presume CCS (Carbon Capture and Storage) and/or nuclear

power source being better choice.
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Available literatures on the time-ahead advancement of energy mix in Africa explore to deliver
the subject on precise goals for the climate mitigation could be achieved also to what point that
the various technology sectors could provide contribution. Study [167] compares the outcomes
from some IAMs (integrated assessment models). Their discovery indicates, achieving 2°C goal
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demands substantial further investments towards low CO, power. Regarding African continent,
the research discovers the goal necessities a raise in investments towards REs from 1-3 to 13-72
billion US$ per annum, while leaving certain space for energy generation from fossil-fuels.
Latest researches aim on precise technical issues like the viability of climate mitigation through
sub- optimum rules [168] and the methodical underestimation of PV power potential in early
researches [169]. Compared to these studies, the following article focuses explicitly on the
continent of Africa and policy selections for applying influential and environmental energy
delivery.

1.2.5 Review of IAMs (Integrated-assessment-model)

The framework of the “Low Climate Impacts scenario and Implication of required tight
emissions controlling Strategy, project (LIMITS)” [165] five major large range models are
evaluated and the outcomes has become accessible on a public database. Depending on the result
of this database, optimization for Africa’s energy mix is evaluated and shown in Figure 1:6
among the models for a 450 ppm scenario. Limiting the carbon attentiveness in the atmosphere
less than 450 ppm may possibly limit global warming under 2°C, respecting the direct of Paris
Agreement 2015. Proposed simulations were developed autonomously so that outcomes differ to
some scale. A citation has been described for thorough report on the applied simulations.
Although the results vary in the details, they illustrate several significant resemblances.
1)Efficient climate change mitigation is considered as well-matching alongside fast growth in
Africa. This is indicated in a numerous-fold growth in power generation all the way through the
era. Although the improvement of the scenario demanded the simulation to keep with a CO2 plan
and to produce economy development, the viability of this scenario is not specified with
statement. Look [170] and [171] for researches studying the limits of viability in climate
mitigation.

2) An extensive variability of energy sources is applied as per each five models. This wide
variety indicates that the diverse energy potentials in the continent and also boundaries on all of
the energy generation bases. For instance, biomass source exists inadequate throughout the entire
lands accessible and for the need of making enough foods. Also, the wind powers as well as
hydro are inadequate via the dimension of proper areas. Using energy from fossils resource is

restricted by the higher destined on carbon releases.
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3) Extreme consumption of biomass is a similarity among the models. A circumstance of
increasing biomass is beneficial to the continent. The significant benefit of the biomass is; the
carbon discharged while burning was earlier removed from atmosphere while the harvest’s
growing period, which indicates this technology is climate friendly.

4) CCS is used widely among the entire models. The carbon capture and storage is significant
since it permits the sustained consumption of fossils deprived of rushing global warming. While
mixing with biomass, carbon capture and storage is able to detach carbon from atmosphere
therefore benefits steady the climate via ‘negative emissions’ [172]. The mix is named BECCS
(bio-energy with carbon capture and storage).

The variances of models outcomes show diverse modeling assumptions. The following three
models results; MESSAGE, REMIND and TIAM-ECN presume RESs to contribute a significant
part. The solar power is a leading energy source among mentioned paradigms. A cost of the solar
power is estimated to remain shrinking to turn out to be progressively affordable. Furthermore,
environments for PV power source are tremendous in the continent since the sunlight is not only
strong, but also far more dependable than rest of the world. Using another method, model named
IMAGE is positive on costs and storage readiness for Carbon Capture and Storage so that it
discovers it optimum to mix coal with Carbon Capture and Storage at big level. Correspondingly,

the technique named GCAM is positive on nuclear power potentials.

1.2.6 Demand and Necessity of MG to Africa

Standing at a market viewpoint, the power shortage across the continent and energy demand
guarantees huge commercial prospects in favor of industrialists as well as investing corporates.
Large tendencies comprising geographical changes, urban expansion, development of economy,
as well as transformation of technologies are established to advance and urge power demands
within Africa [173] [174]. According to estimation, the annual market for energy household
consumption costs in Sub-Sahara Africa amongst the poorest section of the people is estimated at
US$10 billion [133]. The demand is primarily strong in the rural areas and remote areas of the
region because of the shortage of grid expansion and low affordability [175]. However, the solar
home systems market in Sub-Saharan Africa has been booming recently. Only in the first half of
2017, 1.77 million products of Pico photovoltaic (PV) and Solar Home Systems (SHS) have been

sold in Sub-Saharan Africa, with corresponding cash sales revenues of 40.67 million USD
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[176][177].

The necessity to solve and end lack of electricity power in the region as well as to the incentive
on cutting down on global warming and CO, emission is a key. Therefore, RESs and MGs are
expected to contribute extensively to the anticipated green as well as environmental time ahead.
All nations, especially to the Sub-Sahara Africa it is essential to fully utilize the potential energy
of RESs as to guarantee the upcoming times power reliability. In an attempt to improve the
access to electricity around remote areas and rural locations across the region, affordable MG
solutions offer hopeful solutions to solve energy the power shortage in Africa.

1.3 Statement of the problem

A MG is a cluster of electricity sources& loads in one or more locations that may or may not be
connected to traditional wider power systems. The most intriguing feature of a MG is its ability
for local control allowing it to operate reliably as an island. The achievement of such distributed
microgrid will depend heavily on the availability of renewable resources & the economics of the
DERs.

Although there have been continuous improvements in the research and development regarding
the energy management of microgrids, there still exist many limitations on the previous and
current researches and developments. This thesis is motivated by these limitations (research
problems) presented below:
e Less consideration of renewable uncertainties and load fluctuations in the research and
development of energy management systems.
e Limited consideration of electricity price variations in the research and development of
energy management systems.
e Inadequate consideration of energy storage options in the research and development of
energy management systems.
e High computational burdens for solving energy management optimization problems
e [Inefficient & ineffective utilization of energy storage systems for the whole optimization

(scheduling) horizon.

1.4. Scope of the work

This thesis aims to optimally manage the power outputs of the dispatchable micro sources in

25



microgrids considering the uncertainties in renewable generations and load demands, main grid

electricity prices, and energy storage options.

1.5. Objectives

1.5.1 General objective
A Microgrid energy management system implementation using mixed- integer linear

programming

1.5.2 Specific Objectives
The thesisSpecific objectives are summarized as follows:

e To study the concept of microgrids and the role of EMSs for optimal control of
microgrids.

e To establish optimization models for optimal (economic) unit commitment, scheduling,
and dispatching of energy resources in microgrids

e To implement EMS optimization problem solver

e To analyze and characterize the short-term (day-ahead) operation of microgrids from

economic optimality (maximum profit and/or minimum cost) perspectives.

1.6 Significance of the Thesis

The successful completion and finding of this thesis have the following main contribution:

e Implementation of an optimal energy management system for a microgrid that can be
operated either in the islanded or grid-connected mode of operation.

e Development of an optimization model for a microgrid containing renewable energy
generations, conventional generations, and energy storage devices.

e Implementation of an energy management system optimization solver for a
microgridcontaining renewable energy generations, conventional generations, and

energy storage devices.

1.7 Methodology

To accomplish the overall work of this thesis will follow the following methods.The optimal unit
commitment and resource scheduling strategy are formulated and implemented using mixed-

integer linear programming approach. A microgrid network with a mix of renewable and
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conventional energy resources will be modeled to serve as a test platform for the microgrid
energy management strategy to be developed in this study. Matlab software will be used

throughout this work for the implementation of the microgrid optimization model.

The EMS relates the estimated power produced by the renewable generators and other
conventional DGs with the estimated load demand & determines the unit commitment plan and
dispatch scheduling of the dissimilar energy storage devices & conventional generators for 24

hours into the future, thereby minimizing the daily operating cost of the overall microgrid system.
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Figure 1.7General schematic of MG energy management system

An optimization tool will be developed which takes into account the results of one-day-ahead
prediction of the renewable energy generation and load demand. Various network-specific
constraints and next day energy buying and selling tariffs will be considered to set up the
optimization problem. The overall goal of the optimization process is to schedule the energy
resources in the system for the next 24 hours so that the minimum cost of operation is achieved
without violating operational constraints. For simple of implementation & rapid computation, the
optimization model will make use of a mixed-integer linear programming method to solve the

optimization problem.

1.8 Organization of the Thesis

The thesis is organized include the following:

Chapter 2 presents a literature review of distributed generation, EMS for MGs, It also presents
the related previous research and development works relevant to this thesis.

Chapter 3 provides the configuration and components of general microgrid architecture and the

case study microgrid of this thesis. It gives the detail working mechanisms and models of the
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main components of the case study MG.

Chapter 4 presents the optimal energy management of microgrids, which is the main focus of this
thesis. It presents the architecture (configuration) of the proposed energy management system
(EMS), the different input variables for the proposed EMS optimization model, the EMS
optimization objective function and constraints, the proposed EMS optimization solver, the EMS
optimization solutions.

Chapter 6 summarizes the thesis and concludes. It also provides some suggestions for future

works related to the thesis topic.
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CHAPTER TWO
LITERATURE REVIEW

2.1 Related Previous Research Works

Study directed in [123] is expected to be an ideal EMS designed for a grid coupled photovoltaic
cell hybrid technique through manageable loads with DSM apparatus. The goal of energy
management systems is to reduce the cost of generating electricity, thereby affecting the thinking
limits of battery capacity, solar production and power balance. The demand side management
method was employed in opened loop technique for programing above 24-hour hybrid system
energy movement. Demand-side management is centered on the time of use (TOU) platform that
has a higher power expense at peaking load times and lower at off-peak hours. In this case, the
method measured the purchase expenses of power from grids, the price amount of energy sold to
the power grid, and bearing expenses of the hybrids technique. With the purpose of transmitting
energy motion simultaneously, the variable interrupt is invalidated and the MPC is adopted. It is
worthy to point out; range of the simulation is limited to system control. Therefore, installation
expenses have not been taken into account under simulation. A 28.8 kWh batteries and 7kW
photovoltaic were comprised in assessment of the hybrid system. Considering power demands
and climate change amongst the season of wintertime plus season of summertime, also among
week-days plus/weekends 4 paradigms have been assessed, week-days/weekends in summertime
as well as wintertime. Without applying model predictive control during simulations of
optimization controlling, prediction of the two load demands as well as the photovoltaic
production has been presumed to become average rate for the wintertime or summertime. While
employing the model predictive control, linear state space simulation has been established
including distributing suiting technique for executing insecurity. The test time is 1 hour under
mentioned case, including forecast time of 24 hours for optimized programming of 5 weekdays
during wintertime. Under optimized controlling subject, hybrid technique operating method
reached the highest utilization of solar power as well as batteries storage. In addition, electricity
purchasers demanded small quantity of energy generated by the grid as for usage therefore
managed to decrease regular service payment/month. The development of these changes suggests
that daily energy expenses have fallen from 58% percent to 65% percent and net of gained by
consumers is $1.23$ to $1.83 daily. Under the practical condition of model predictive control,
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two cases have been assessed. As for incident of the progressive instabilities in photovoltaic
production, incomes were raised by 27% competed with optimized controlling. While
progressive instabilities of the load demands were observed, incomes rose by 31%. As a result,
the researchers decided model predictive controlling delivered best controlling operation as per
precision as well as heftiness, attaining better expense saving compared with optimized
controlling technique.

In study [131] the researchers advanced an EMS prototype in support of an inaccessible
renewable-based microgrid, which encompassed controlling of energy bases and supple
scheduling of energy expenditure via sculpting convenient and uncontrollable masses. A
deterministic administration consummate model was devised and thenceforth assimilated into a
RH (Rolling Horizon) control regulator approach as to diminish the ambiguity appearing in both
generation bulk capacity and power demand beside cogitating updatable predictions.The purpose
of the EM is boosting the profitable efficient operation of the method. Demand side management
has been employed by methods of loads shift to manageable load as to diminish the operational
expenses. Additionally, drawbacks were pertained for not linking the load demand or else if the
use began ahead of its initial origin bound after its most recent attach. Diesel intake of the diesel
powered generators is demonstrated as mixed-integer linear program by way of altering the non-
linear feature into line fragments. The researchers pondered an instance review through a solar
panel energy production system, diesel powered generators, an ESS and collections of loads,
among these five are manageable. The microgrid performance survived paralleled with and
devoid of demand side management representing a prognostication prospect of 24 hours
including period separations of 1 hour pro a programming horizon of 30 day periods. In favor of
the setup along DMS the operational fee of diesel was abridged by 11.3% direct towards an
improved manipulation of renewable energy sources, that directed to 27% reduced usage of non-
renewable energy sources energy. Furthermore, the ecological influence was lowered by
precluding the production of 1.62 tons of CO2 per annum, connected with diesel fuel which is
not disbursed. Lastly, researchers purported as upcoming outlook task the weight of distinct sorts
of energy foundations, the assembly to the utility grid and the integration of climate as well as
demands ambiguity.

The authors in [132] established an energy management system applying UC alongside a RH

approach for RE based microgrid. MILP which is centered on projecting simulations as to
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instigate forecast horizons for two days was the problem created. Microgrid pondered in this
research comprised one diesel powered generator, one wind energy turbine, two solar PV
systems, one ESSs and various load, comprising of water providing system that is. Diesel
powered generators’ oil usage has been symbolized thru none convex method, also guesstimated
as piece-wise linear sections for mixed-integer linear program design. The energy management
system has been devised to postulate optimizing online points pro apiece energy generating units,
also indicators for purchasers founded on DSM apparatus. The instigators executed an economic
analogy among the Rolling Horizon and the standard unit commitment (UC). The propose of the
energy management system is to abate operating costs. As to do that, quite a lot of objectives had
to be attained: curtail the consumption of diesel; provide effective power production points for
the diesel powered generator, Energy Storage System inverter and Photovoltaic panel plant;
turning on and turning off water pumps as for keeping high water storage container levels in
intended parameters as well as directing signs toward end users with the purpose of endorsing
performance vicissitudes ensuing the demand side management apparatus. Completely all the
interactions of the microgrid were grounded on Guiding Control and Data Acquisition and
numerous measurement apparatuses. Three developments were inspected in the study. The first
one cogitated Photovoltaic panels, an energy storage system, a diesel powered generator and no
demand side management apparatus. It was verified that the unit commitment—rolling horizon
approach abridged the predictable overall costs by 18% during the summer and by 27% during
the winter precisely to deplete startups as well as diesel powered generation expenses. Next,
scenario 2"%; the wind power has been enhanced on the structure. Effects indicated drop of
overall cost with regard to the first scenario for both unit commitment and unit commitment—
rolling horizon approach. In the unit commitment-rolling horizon case, the cost decrease of the
second scenario with respect to the first is 20%. Lastly, scenario 3 applied demand side
management apparatus and attested extra cost declines by carrying out demand altering
coefficients and heightening the water pumps activations by way of flexed loads throughout the
times with power overage.

The mixed-integer linear program design to cope the power generation plus necessitate of a
power grid-connected MG contained by responsive planning method has been propositioned
[133]. Suggest of this energy management system is to increase the profitability of the system

while promoting demand side management through a profile of plasticity requirements and
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penalties. In addition, a rolling deadline approach has been adopted to address impossibility
associated with renewable energy generation and utilization. The optimization group must reveal
the power range that should be generated as well as the generation method: economy dispatches
as well as UC, optimization accommodation storing levels; loads transfer plan, as well as main
grids energy buying/selling range after the function. Overall operating function cost takes into
account manufacturing cost, storage cost and penalty cost. Subsequent advent reveals the same
function of satisfying the interruption of each energy last pass. The revenue or revenue of the
system approach is assumed to be electricity retailed to the service utility grid. The RH method
can still be enhanced by several features of the commitment unit's commitment difficulty, like
slope restrictions and small rise and fall time restrictions, also non-convex generation expenses
and time-reliant start expenses that might make nonlinearity familiar in simulation. Researchers
didn’t take into account permanent expenses assorted including, installation and investment
ordination of power generator, in role of the invent design of the energy schmoose was not
reflected, plus a short term assessments have been directed. Furthermore, the flexible costs
linked to the power generation from solar energy as well as the wind energy were deemed zero.
The rationale review was purposeful on a power grid-connected microgrid amid photovoltaic
panel, micro wind turbines, energy storage as well as 30 distinct power users. The energy
management system cogitated a control over 15 min horizon and a scheduling over 24 hours’
horizon period. The mixed-integer linear program archetypal was effected on the GAMS 24.1
and resolved operating on CPLEX 12 resulting O optimization. Researchers determined that
lengthier estimation horizons directed to a substantial diminution concerning the utility of grid
energy to mollify the demand beneath the postulation of precise demand expectations, while
farther prospect material is established in the direction to explain the optimization setback.
Consequently, the revenue is augmented. In contrast, when load-shifting is not deliberated, the
return revenue of the system is reduced. Besides, handling power demand permitted improving
the suppleness and self-sufficiency of the microgrid. As an upcoming future work, the authors
projected the contemplation of dissimilar dynamics, similar to environmental influence, across
the application of multipurpose optimum methodologies and amalgamation of reorganizing
action penalizations to evade chief vicissitudes concerning the primary schedule following the
incidence of an unforeseen event.

Study [134] advanced an Energy management system (EMS) for a standalone MG arranged by
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an energy storage system (ESS), diesel generator (DG), wind turbine (WT) and a sea water
desalination system. The energy management system contained the distributed generators, that is;
the wind-turbines and the diesel powered generators and the ESS and a hierarchy controlling has
been employed, including synchronization controlling level as well as EMS level. The objective
finction is to exploit utilization of the wind power generation as well as decreasing diesel
generator usage, safeguarding a steady process. Coordinated controlling for microgrid has been
functioned under the following operating stages, at which one or the other; the energy storage
system or the DG functioned as a focal energy foundation to postulate quotation merits for the
voltage and frequency. The energy management system built the demanded remote controlling,
regulating, gesturing and measuring of mechanisms on SCADA model programming.
Furthermore, the rolling horizon approaches has been employed on EMS for controlling
intermittent as well as uncertainty of wind turbine energy generation and dominate the power
variations. Thus, wind energy was estimated by genetic algorithms that is BP neural network
centered speed of wind prediction technique. Effectiveness of recommended technique has been
verified through examinations in real time digital simulation method. Assessments measured MG
of 500 kWh energy storage systems, DG of 1250 kVA as well as 2MWwind turbine generators.
The researchers settled; energy management system can distinguish the system management
method online and effectively attain the switch joining operation modes conferring to SOC of the
energy storage system as well as estimated speed of wind.

The constituent unit allegiance developed by [135], which is claimed to be developed by the
generic mixed integer linear program (MILP), reduces the operating costs of residential MGs that
are coupled with the main grid. PV, thermals solar panel, DGs, like controllable household
appliances, cogeneration units, thermal and energy storage devices, and electric vehicles
constitute a carefully inspected residential MG. The optimization problems have been developed

to meet the supplying plus demands of electricity as well as heat load.

2.2 Comparative Summary

The main idea for literature reviewing is to have an understanding the notions of distributed
generation, microgrids, and energy optimization, with particular attention to EMS for MGs.
Hence, the most important focus of this literature review is the organization of EMS and

optimization approaches towards MGs.
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As shown above literatures most of researches focused on either in unit commitment or optimal
dispatching model to minimize the cost and they have not considered renewable uncertainty and
load fluctuation. But, in this thesis both unit commitment and optimal dispatching were used and
also considers the fluctuations in renewable energy and load demand in the microgrid and using
suitable day-ahead forecasts (typical generation profiles at the location selected for the study) to
overcome these fluctuations in this thesis work.Mixed integer linear programing algorithm was
used to manage the microgrid.

The simulation outcomes show the success and possible advantages of the applied EMS strategy:
* Minimize power generation fuel costs and grid energy purchase costs.
* Maximize energy sales profit.
» Maximize the economic use of energy storage systems.

* Increase the utilization of renewable energy in the microgrid.
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CHAPTER THREE

Configuration and Components of Microgrids

The microgrid is a small-scale power system which is a group of interconnected loads and
distributed energy resources (DERs) with defined electrical boundaries forming a local electric
power system at distribution voltage levels, that acts as a single controllable entity and can
operate in either grid-connected or island mode of operation. It has a black start capability. The
DER includes distributed generator (DG) (photovoltaic solar, wind turbines, internal combustion
generators, fuel cells, microturbines, etc.) and distributed energy storage (DS) (flywheels,
superconductor inductors, and capacitors, batteries, etc.). MG could be divided into AC/DC
microgrid. When the two groups occur coupled, it is said hybrids AC-DC MGs. The focus of this

thesis is the AC MG which operates in either grid-connected or island mode.

The MG DGs can be classified into two main groups: (i) conventional rotating machine-based
DG (RM-DG) (e.g., internal combustion generators, induction generators are driven by a fixed-
speed wind turbine), and (ii) power electronic converter-interfaced DG (PEC-DG) (e.g.
photovoltaic solar, fuel cells, permanent magnet synchronous generators driven by variable-
speed wind turbines, microturbines, etc.). The DSS can be charged with the excess power from
the renewables and/or cheaper power from the main utility grid and discharge to cover the power
shortage and/or for economic system operation. Hence, they assist to improve the reliability of
the microgrid system and making it efficient and economical as well. Moreover, energy storage
devices are known for their fast response. Thus, they also suppress transient and dynamic
instabilities and contribute to control microgrid system voltage and frequency by providing the

desired power balance reserve ranging for a short time.

A microgrid can be connected to the upstream distribution network at the point of common
coupling (PCC) through a substation transformer. It can operate in two modes: either in grid-
connected or island mode. In the grid-connected mode, the PCC switch is turned on and the
microgrid is coupled with the main utility grid. In this case, the microgrid participates in the
energy exchange or trading with the main utility grid. When the upstream distribution network
gets disturbance or faulted, the PCC static switch can be opened to separate the MG form the

main utility grid. Hence, the MG can persist to operate in the so-called islanded mode of
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operation.

The typical AC MG configuration has been illustrated in Fig. 3-1 that contains renewable energy
sources, energy storage system, load as well as supplementary units which are entirely coupled
on general AC bus together with a microgrid central controller (MGCC) as well as static-
transfer-switch (STS). The supplementary unit is illustrated as a microturbine here nonetheless;
the supplementary unit can either be a diesel generator, fuel cell (FC), or different storage unit.
The photovoltaic as well as ESS units are coupled via double-step DC/DC and DC/AC power
electronics converter while the microturbine and the wind turbine units are coupled via double-
step AC/DC and DC/AC power electronics converter. The AC output voltage from each DG via
its converter is combined also coupled in general AC bus to deliver power to the load and/or to
the main utility grid. The output voltage and current of each DG and DS are operated separately.
Nonetheless, communications among static transfer switch and various DG and DS unit is yet
needed to understand the condition of the static transfer switch and decide the relevant control
action in real-time for the dispatchable DG and DS units. With the purpose of
disconnect/reconnect the MG from/to the main grid perfectly, the static transfer switch is
employed at the PCC that can be monitored and controlled by the MGCC. Loads are coupled to
the microgrid side of the static transfer switch to guarantee they are constantly getting power
whether the microgrid is functioning in islanded mode or grid-connected mode, i.e. despite the
STS condition [129].

While the grid coupled operating method, the renewable energy source’s units operate as a
current source and send energy straight to the AC bus. The main grid is referring to the AC bus
voltages and frequencies, and the renewable energy source unit manages the energy course. ESS
is linked with multi-maneuvering converters. This could be able to charge/discharge according to
power production circumstances, loads as well as the SOC status. Though, while the islanded
method; renewable energy source operates as a current source providing straight the load and the
storage units operate as voltages sources managing the AC bus voltages through
charge/discharge operation. The storage unit’s DC/AC converters control the magnitudes as well
as frequencies of AC bus voltages. Renewable Energy Source unit function on Maximum Power
Point Tracking (MPPT) while grid coupled operation method to extract the maximum possible
renewable energy available. The same is applicable in the islanded mode of operation assuming

produced energy could either be utilized by the loads or utilized to charging the DS units [131].
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In an islanded mode, the DS energy storage system (ESS) is employed as making grid element
controlling AC bus, whereas renewable energy source is utilized as supplying grid element
adding powers to AC bus [132].

Though the AC MGs are very prominent as researches studies as well as installations over DC
MGs, DC MGs have begun gaining further attention also a concern for DC MGs improved
efficacy, natured/straight coupling of RESs as well as several extra advantages. Moreover,
several problems that have encountered on AC MGs, such as reactive energy flows, frequency
control, and energy qualities don’t appear on DC MGs. That is makes the associated primary-

controlling remarkably lesser complicated than of counterpart AC type [130.
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Figure3.1General AC microgrid structure

The following subsections will present the configuration and the components of the case
study microgrid in this thesis. The detailed working mechanisms and modeling aspects of the

components will be covered.

3.1 Microgrid Configuration

The case study AC microgrid consists of wind and PV based renewable energy sources (RESSs),
energy storage system (ESS), diesel generation system, and distributed loads. The microgrid
consists of typical distributed generation components and industrial load. It is assumed that the
microgrid network supplies the energy demands of an industrial facility. Henceforth, this typical

microgrid is said to be the “case study microgrid.”
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3.2 Microgrid Components
3.2.1 Wind Turbines

The wind is a clean and sustainable source of electrical energy. Wind resource is an abundantly
available renewable energy resource and with steadily lowering the cost of electrical energy
production. Advances in power electronics technology and favorable policies that promote clean
energy development have enabled wind energy to extend its contribution to electric power
generation systems in the last decades. Wind energy production technologies are nowadays
becoming increasingly important in the operation of electric power systems and represent a
significant share of the growing green energy market across the world [28] [131]. Global wind
power installed capacity has increased from 120,696MW in 2008 to 486,790MW in 2016. It is
expected to exceed 1,260,000MW by the end of 2020 [142].

Wind turbines (WTs) are used to convert kinetic energy carried by wind into mechanical form
through aerodynamic rotor blades, and againinto electrical energy through a generator. The mass
of electrical power that can be achieved from WTs depends on the surrounding air density, wind
speed, turbine blade area, & wind energy conversion efficiency. The power generated by a

horizontal axis wind turbine is given by:-
1

Pe =5CopAV(3.1)
The generated power is express by P, pis the density of air,Ais turbine blade area,Vexpress wind
speedC,is wind energy charge over efficiency which is known as the power coefficient. The
power coefficient can be defined as the actual turbine power in proportion with the theoretical
wind power & is similar to aerodynamic virtue of the turbine blades[133]. It is a function of the
turbine blade tip speed ratio 4 and the turbine blade pitch angle g. The tip speed ratio 4 is given
by:
A=2R (3.2)

Where R is the radius of the turbine rotor and w is the angular speed of the rotor; the power
coefficient C,, and hence the output power of the turbine is maximized at some specific value
of 1. The maximum power point tracking (MPPT) function is required to regulate the rotational

speed of the turbine rotor to achieve maximum power generation.
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A wide range of wind turbine generator technologies is in operation today. Wind turbines can be

broadly categorized as fixed-speed and variable-speed turbines.

A. Fixed Speed Wind turbines

Fixed-speed wind turbines operate at nearly constant rotor speed controlled by grid frequency
regardless of the variations in wind speed. These wind turbine technologies typically employ
squirrel-cage induction generators directly connected to the main grid via a transformer, as
shown in Fig. 3.2. If the wind speed increases above the rated value, the system must be
disconnected from the grid to avoid mechanical damage to its structures. Despite the relative
simplicity, low cost, and robustness of fixed-speed wind turbines, the power conversion
efficiency is degraded at operating speeds different from a given value. The capacitor bank is

required to provide reactive power compensation [134, 135].
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Figure3.2fixed speed wind turbine

A. Variable-Speed Wind Turbines

Variable-speed wind turbine systems are designed to operate at a wide range of rotor speeds.
Their ability to operate at various speeds and control flexibility allows them to extract more
energy from wind compared to fixed-speed wind turbines [134]. Two dominant variable-speed
wind turbine technologies, namely the doubly-fed induction generator (DFIG) and permanent
magnet synchronous generator (PMSG) based wind systems are introduced below.

e DFIG

In wind turbines based on DFIG, the stator winding of the generator is directly connected to the
grid whereas the rotor winding is connected to the grid via a back to back converter consisting of

a rotor side converter, a DC link capacitor bank, and a grid-side converter. The architecture is
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shown in Fig. 3.3. The rating of the converters is typically about 30% of the rated power of the
generator. This configuration makes it possible to control a large amount of power flowing
through the stator by injecting a small amount of power into the rotor circuit. The converter on
the rotor side is usually configured with a controller that regulates the electromechanical torque
and the desired excitation of the machine. The converter on the grid side controls the power
factor and maintains the DC link voltage at a constant value [136].

When the generator operates above synchronous speed, both the rotor and stator supply power to
the grid. On the other hand, when the generator runs slower than synchronous speed, the rotor

absorbs a fraction of the power produced by the stator.
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Figure 3.3Doubly-fed induction generator

e PMSG
Permanent magnet synchronous generators have recently become increasingly common in the
wind power industry. The presence of gearbox in wind turbine systems causes problems as the
gearbox is prone to frequent faults and requires regular maintenance. The reliability of variable
speed wind turbines can be greatly improved by making use of direct-drive permanent magnet
synchronous generators (PMSG) [137]. As shown in Fig. 3.4, a PMSG based wind turbine
system mainly consists of a rotor, a synchronous generator and a back to back power electronic
converter. The rotor of the synchronous generator is made from permanent magnet materials and
hence avoids the need for a supply of magnetizing current from the stator. This improves the
machine’s capability to operate at a higher power factor and enhances efficiency. The main
disadvantage of PMDD wind turbine technology is the relatively high cost of permanent magnet

material.
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Figure3.4PMSG based wind turbine system

The wind turbine considered in the case study microgrid system is a 1.5MW rated wind turbine

selected from the Homer component library.

3.2.2 PV Solar Systems

Solar energy is the most abundant and one of the most dominant renewable energy resources. It
IS a neat source of energy with no noise pollution. Photovoltaic (PV) systems directly convert the
energy in solar irradiation into electrical energy utilizing solar cells made from semiconductor
materials. Solar radiation landing on the surface of the solar cells causes the flow of electric
current proportional to the amount of the radiation and emergence of potential difference in the
material, a phenomenon known as the photovoltaic effect. Solar cells are usually combined to
form modules during manufacture. Solar modules typically contain 36 to 72 cells. Modules are

grouped into arrays in various patterns to achieve the desired voltage and current requirements.

PV power generation has gained increasing usage in various applications such as battery
charging, pump station power supply, satellite stations, and supplying power to remote homes. Its
share of power generation in electric power systems is increasing. The main advantages of PV
installations are that they are pollution-free and require very little maintenance. The installation
costs are however relatively expensive due to the high cost of the semiconductor materials and

requirement of interfacing power electronic converter systems.

Solar cells exhibit non-linear |-V characteristics. Radiation strength, temperature, and shading
affect the performance of PV systems. The most important factor which affects the
characteristics of PV systems is solar irradiation. Fig. 3.5 shows the outcome of variation in solar
irradiation on the current and voltage outputs of a solar cell. Fig. 3.6 shows the current and
voltage values in the characteristic curve at which the maximum possible power is extracted

from the cell for solar irradiation. PV systems are usually equipped with power electronic
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maximum power point tracking (MPPT) devices which continuously adjust the output voltage

and current to ensure the transfer of maximum power.
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Figure 3.51-V characteristics of a solar cell [138]
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The equivalent circuit of a PV cell representing its electrical characteristics is shown in Fig. 3.7it
is represented by a constant current source in parallel with a diode and a resistor. The shunt and
series resistors are used to represent the losses in the PV cell while the diode represents the
characteristics of the PN junction created between the positively and negatively doped regions of

the cell.
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Figure3.7Equivalent circuit diagram of a PV cell

The output current I, is given by:
I =lsc-1g-1sn (3.3)
The current through the diode I; and the shunt resistance current I, can be expressed by

equation 3.4 & equation 3.5 respectively.

Vpy-Rsl|

li=l[e” T -1] (3.4)

)

Where,
1,: Current created by photovoltaic effect;
1,: Reverse saturation current;
Vpy: Cell output voltage;
R.: Series resistance representing material resistance;
I, . Output current;
V. A thermal voltage which is a function of temperature;

R, : Shunt resistance representing current that doesn’t reach the external circuit.

The PV system considered in the case study microgrid system for this study is rated
500kWat Standard Test Conditions (STC).

3.2.3 Diesel Generators

Diesel generators convert fuel energy into mechanical energy utilizing an internal combustion
engine and then into electric energy employing an electric generator. Thus a diesel generator
belongs to the internal combustion engines. Its name is linked to the type of fuel it uses to
produce electricity. A diesel generator (also known as diesel Genset) is the combination of a

diesel engine with an electric generator (often an alternator) to generate electrical energy. Diesel
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generators generally have high operating costs and generate electricity on demand when
compared with renewable DERs. The rating of the diesel generator considered in this study is
400kW.

3.2.4 Energy Storage Systems

Energy storage systems (ESS) are used to store energy during periods where energy production
exceeds the demand and deliver energy when demand exceeds production. They are becoming
increasingly important in integrated power systems with the growing penetration of renewable
energy. Energy storage systems provide many advantages including reduction of energy losses,
improving the reliability of supply, and enhancing operational economics of power systems.

A wide range of energy storage technologies is available today. Power intensive energy storage
systems are used in applications that are generally demanding in terms of step response
performances and with frequent transitions between charge and discharge phases. These kinds of
storage devices are used to deal with transient situations characterized by short durations but can
cause sudden instability problems. Batteries, flywheel systems, and supercapacitors are suited for
this application due to the rapid response characteristics they provide. The use of supercapacitors
as auxiliary supply in power systems can complement the slower response of main sources and
energy storage systems through their very fast power response and high specific power. The main
advantage of supercapacitors is that energy can be taken from the device at a very high rate
which a battery of the same size cannot supply in the same period. A supercapacitor can also be

charged at a high charging rate in a short duration [143].

Energy storage devices with high energy density are used for energy-intensive applications
which are not very demanding in terms of response performances but with frequent and long
charge and discharge cycles at variable rates. They are used to deal with daily variations of
renewable energy resources and load demand. Many kinds of different batteries are available in
the industry for this purpose. The most commonly used type of batteries is electrochemical
batteries such as lead-acid batteries, lithium-ion batteries, and vanadium redox batteries (VRB)
which convert electrical energy into chemical energy and vice versa. An electrochemical battery
contains varies electrolytic cells connected in series & parallel. Each cell is made up of a pair of

half cells in series connected by a conductive electrolyte material which contains positively
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charged ions (cations) and negatively charged ions (anions). The anions move to the half-cell
containing the positive electrode called the cathode. The cations move to the other half cell
containing the negative electrode called the anode. Vanadium redox batteries make use of
sulphuric acid electrolyte solution in two tanks containing vanadium species in different
oxidation states: V**/V°* redox couple (positive) and V?*/\V/** redox couple (negative). The stack
consists of several cells where the half-cells are separated by a proton exchange membrane (PEM)
[144]. The main electrochemical reactions occur at the cells’ inert electrode. The electrolytes are
circulated from the external tanks to the stacks through pumps. The general schematic of a VRB

is shown in Fig. 3.8.
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Figure 3.8General scheme of a VRB [144]

During discharging, electrons are removed from the negative electrolyte (anolyte) and moved to
the positive electrolyte (catholyte) through the external circuit. During charging, the flow of
electrons is in the reverse direction; reduction reaction occurs in the anolyte and oxidation
reaction occurs in the catholyte [145].The case study microgrid system is considered to be
configured with ESS devices with a storage capacity of 200kwW*4h. Thus, an energy storage
system with a storage capacity of 800kWh and a charge/discharge rate of 200kW is employed for

the steady-state energy management system model in this thesis.
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CHAPTER FOUR

Optimal Energy Management for Microgrids

4.1 Introduction

It has been pointed out that, now the previous insufficient periods. Foremost
financial&ecological strategy modifications need caused in amplified usage of circulated bearing
systems. That haveconveyed main topological variations towards the rechargeable power plants
& released active universe aimed by the enlargement a MGs. The efficient operation of
distributed energy resources and microgrids is realized through energy usage optimization
strategies, taking into account generation and demand uncertainties, cost of electricity production,

and other operational requirements.

The purpose of optimal scheduling of generation units of microgrids is to determine the output
power of dispatchable power sources and the charging/discharging power of energy storage
systems through affecting overall impartial a minimizing the overall operating prices whereas
maintaining essential constraints intact. The objective function for unit commitment and optimal

dispatch problem of a grid-connected microgrid could be defined as:

C= TK,{TI@*PI 0+ XL, (S O*P P D)+SC (1)} (4.1)

Where

C Operational cost of microgrid

t Time interval (time step)

PCd  power supplied by the utility grid to the microgrid
TG Utility electricity tariff

PI(t)  The output power of j"conventional unit at interval t
fi(P!(t)) The cost function of the j"conventional unit
sc! (t) Starting cost of j”‘conventional unit at intervalt

g ® Situation (commitment ~ 0 or 1) of thej"conventional unit at intervalt
n Number of dispatchable generation units

k Number of time intervals in the designated optimization horizon.
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Equation (4.1) shows the cost minimization objective function in a microgrid regards the prices
energy bought since through effectiveness grid along with a cost of manufacturing get-up- and-
go with a microgrid using unadventurous origination.

The basic technical constraints that must be satisfied during every time interval are:
Pran <P O<Prx  (4.2)

Pl <P(H)<Pl  (4.3)

min—

P <PES(<PES  (4.4)

max—
SOCM"<8OC(t)<SOC™*(4.5)
Where

pl Minimum generating limit of the j™" conventional unit

min
Pj}nax Maximum generating limit of the j™ conventional unit

PEId  Minimum allowed grid power

P& Maximum allowed grid power
PES(t) Charging or discharging power of energy storage at interval t

pES. Maximum charging/discharging power of energy storage

SOC™"Minimum state of charge of energy storage

SOC™Maximum state of charge of energy storage.

Equation (4.2) defines the minimum and maximum power exchange limits with the main grid.
Equation (4.3) express the constraint associated to minimum & maximum generation limits of
conventional generation units in the microgrid system.Battery charging/discharging rate limits &
allowable battery state of charge range are handled by constraint equations (4.4) and (4.5)
respectively. In addition to the constraints defined above, the total power balance equation in the
microgrid should be satisfied in each interval. The power balance equation can be described as:

T PO=P(0)- 0 Pren() PEO-PTM(H)  (46)
Where P24 means total load demand in the microgrid and PiRen(t) represents power supplied by
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the i™ uncontrollable source in the microgrid at interval ¢.

The target of the energy management system is to assure day-ahead decisions for the financial
operation of the microgrid. The suggested optimization model considers the intermittent nature
of renewable generation, fluctuations in load demand, fuel costs for power generation, technical
constraints and capacity constraints, time-varying grid tariffs, and the likelihood of energy

trading to and from the main grid.

Figure 4.1 shows a general schematic of an EMS, with EMS, commands for optimal
charge/discharge power of the energy storage system, DG power output, main grids input/output
power, and demand control. Decisions are based primarily on REpower generation and load
demand forecasts, power generation diesel costs, and electricity prices in the main grid. The

decisions will generate a time range of one day based on one-hour intervals in this thesis.

Electricity

Inputs Price
Weather Wind Power |”f°de"°n
s Schedule
History Calibration of Wind Power Forecast of ('\,’" :
Inputs and Model Forecasting Model EMS .
m
lnpmsl Forecast Mixed Integer Set-points for
. Unear | 0G5 and €55
Weather Calibration of BV Pomer Programming
Inputs and Model Forecasting Model
Cost Function of
Conventional DGs
Load
System
Constraints
Additional
Considerations

Figure 4.1Schematic of the proposed EMS

In the following sections, | present an optimal energy management system proposed as part of
this thesis work. The suggestedoptimum unit commitment and dispatch scheme take the results
of one-day-ahead prediction of RE production as well as load demand into account to optimally
schedule the dispatchable units. The renewable energy generation forecasts are substituted by a
typical generation profile from a wind turbine and a PV system obtained from Homer software at
the geographical location selected for this study. A typical hourly load profile of an industrial
facility is considered as the load profile for modeling in the study. Various constraints and next

day energy buying and selling tariffs are considered to setup the optimization problem. The
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overall target for the optimization process is to optimally schedule the energy resources in the
system for the next 24 hours so that the minimum cost of operation is succeeded without
violating operational constraints. A straightforwardness of application & reckless calculation,
through optimization model makes use of mixed-integer linear programming (MILP) method to
solve the unit commitment and optimal scheduling problem. The outputs of the optimization
model are:
e The guarantee & dispatch plan of conventional power generation units for 24
hours.
e Plan of hourly influence operation among a microgrid & the foremost grid
aimed at 24 hours.

e Power charging convicting & sustaining line-up 24 hours.

A general microgrid system consisting of the type distributed generation resourcesthat were
described in previous sections are used as the case study. The policy are intended at
accomplishing optimum scheduling of distributed energy resources although assembly numerous
working restrictions scheduled a foundation of projected yield control after renewable get-up-
and-go properties; i.e. wind turbine and PV system estimated load demand profile, cost of
electricity production from conventional energy generation system, i.e. diesel generator unit with
a maximum generation capacity of 400kW, an energy storage system with a storage capacity of

800 kWh, hourly utility electricity tariff and other basic information.
4.2 Power Output Modelling of Components
4.2.1 Wind Turbine

A wind turbine is recycled to transform kinetic energy accepted through the wind addicted to
powered method & formerly interested in electrical energy. The total of electrical power. The
that tin attitude attained after current of air turbines be contingent happening adjacent mid-flight
density, current of air rapidity, turbine blade expanse, & wind get-up-and-go adaptation

competence.
_1 3
P =5 CppAV (4.7)

A created power is represented by P;, p are the concentration a air, A are turbine blade area, V

signifies wind speed &C,, are wind energy adaptation effectiveness which can be designated as
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a turbine power in amount within wind power & are connected to aerodynamic features of a
turbine blades. Wind turbines within a rated power producing capacity of 1.5MW are measured.
The characteristic day-to-day power group distinguishing of a 1.5MW wind turbine at Adama
wind farm’s position is used for this work. Homer software is used to estimate the hourly
generation profile of the 1.5MW wind turbine using at the wind farm location for one month on
an hourly basis. The hourly wind power generation profile of a typical day for the simulation is
obtained by averaging the values of corresponding hours for one month. Homer software uses
weather condition data obtained from NASA to calculate expected electrical power generation

from the wind turbine at the selected location.

4.2.2 PV System

Photovoltaic classifications electricity produce by changing sunlight interested in electrical
energy. PV schemes don’t produce air-pollution or whichever thoughtful of discharges although
operational. Revolving masses is essential to produce electricity using PV collections, later
negligible conservation are essential. The yield power P; of a PV connection are assumed by
[146]:

(G)?
——, 0<G<R
STC Gyre Re C

P, = (4.8)

G
_— G>R
STC Gstc Re’ ¢

(G)?
——, O0<G<KR
STC Gre Re C

P, = (4.8)

G
_— G>R
STC Gstc Re’ ¢

Where Psrc symbolizes a thoroughgoing generation capability of a organization at ordinary
assessment situations (STC), G are expected solar energy, R are the confident radiation
argument set as 150W/m? and Gerc are situation irradiance which are  1000W/m? a peak
generation capability of a PV scheme deliberated in this education is 500kW. In this study,
Homer software is recycled to approximation the characteristic generation outline of a 500kW
PV arrangement at the designated location (Adama) in a comparable method to that of wind

power generation estimation.
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4.2.3 Diesel Generator

Diesel generators convert fuel energy into mechanical energy employing an internal combustion
engine and then into electric energy employing an electric generator. Thus a diesel generator
belongs to the internal combustion engines. Its name is linked to the type of fuel it uses to
produce electricity. A diesel generator (also known as diesel Genset) is the combination of a
diesel engine with an electric generator (often an alternator) to generate electrical energy. Diesel
generators generally have high operating costs and generate electricity on demand when
compared with renewable DERs. The rating of the diesel generator considered in this study is
400kW. Based on fuel consumption and power generation profile of a typical diesel generator as
provided in Homer software and assuming the cost of fuel to be 0.4USD/L, the cost function of

the 400kW rated diesel generator can be approximated as follows:
Cpg (At) = 0.106 * PPC (At) + 3.6 (4.9)

WhereCpg (At) and PP6 (At) separately attitude aimed the energy price in USD & the control

manufactured through the diesel generator now kilowatts at the time intermissionAt.
0 < PPS(t) < 400 (4.10)

4.2.4 Energy Storage System

In an environment with inconsistent renewable energy generation, varying load, and electricity
price, vigor storing systems can piece an significant part happening optimizing the operation of
microgrids. Trendy this study, we have modeled a battery-operated energy storing scheme by a
size of 800kWh, & accusing & settling control rating of 200kW. SOC of the battery on the end of

the t™ intermission (twitch of the (t + 1)™) intermission remains given by:

ES
SOC(t + 1) = S0C(t) — O (4.11)

Where 1, remains the indicting efficiency, P (t)is indicting control on the t™ intermission
&WES remains the vigor storing volume of the battery. Toward evade deep release of the battery,

the optimization scheme necessity content the next constrictions during any interval of the day.

—200 < PES(t) < 200 (4.12)

51



10 < SOC(t) < 100 (4.13)

4.2.5 Main Utility Grid

Excess control shaped in the microgrid determination stand both traded toward the key net afore
stowed cutting-edge the battery-operated built proceeding the choice of the EMS. Likewise, the
energy storing determination discharge, & the usefulness grid-iron determination inject power-
driven control hooked on the microgrid once around stays additional request than the control
formed trendy the microgrid. The general group & request control equilibrium calculation duty

be contented throughout all intermissions of process.
Pgrid (t) — Pload (t) _ PPV (t) _ Pwind (t) _ PES (t) _ PDG (t) (4.14)

4.3 EMS Optimization Problem Formulation

This work applies mixed — integer rectilinear program strategy to begin a component guarantee
& optimal transmitting prototypical aimed at microgrids within mixed properties & an energy
loading organization. Assumed trajectories f, Ib, &ub, matrices A, &Aeq, & equivalent directions
b&beq, & a established of catalogues intcon, MILP inventions a vector x that diminishes the

impartial purpose fTx.

x (intcon) is integers
A-x<bh
Aeq - x < beq
Ib<x<ub

Minimize fT x subject to (4.15)

A policy stay aimed at achieving optimal scheduling of distributed energy resources but
assembly many active limits proceeding the sources of projected yield control after renewable
vigor resources, likely cargo request details, price of power manufacture after conventional vigor
group systems, current tariff, & additional needed information. The crops of the microgrid piece

promise & optimal dispatching typical are:

e The status (commitment) and communication calendar of the diesel generator unit,
which stands the first conformist control group part hip the event training microgrid

structure

e Calendar of hourly control deal amid the microgrid & the chief net for 24 hours
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e Vigor loading accusing & clearing schedule for 24 hours.

There are important constraints that need to be fulfilled. The optimization process is conducted

subject to the constraints:
e Overall supply and demand balance equation,
e Power generating capacity limits of a diesel generator unit,
e Accusing &satisfying amount restrictions of a energy storage component,&
e State of Charge (SOC) limits of energy storage.

The EMS equates the predictable power fashioned through a renewable generators & within the
predictable weight request & regulates a unit commitment and optimal scheduling of the
diesel generator & get-up-and-go loading device 24 hours addicted to the forthcoming, which
decreases the operational price of the total microgrid. Consequently, the impartial are to attain
the lowermost price of group & decrease the price of energy obtained on or subsequently the
utility. Scientifically, equations (4.1) through (4.6) can be modified to describe the objective

function and constraints relevant to the case study microgrid as:
Minimize

C= T {Te (0 « PE4 (D) + (SO * f(PPC (1) + SC*C (1))} (4.16)

Subject to

0 < PPS(t) < 400 (4.17)

—200 < PES(t) < 200 (4.18)

10 < SOC(t) < 100 (4.19)

PPG () = pload () — PPV (t) — PWind (t) — PES (t) — perid ® (4.20)
Where
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CDay forward working price a microgrid

f Operational price purpose of diesel generator

S Status (commitment) of diesel generator

pbe The output power of diesel generator

PWnd  The yield control ofthe wind turbine

pPv The yield power of the PV scheme

SCPC (t) Preliminary price of a diesel generator component by intreval t
k Number of time intervals, which is 24 hours in this study

Two integer variables are used. One integer variable are recycled to designate a status
(commitment) of a diesel generator component at each interval i (1 if the diesel generator unit is
running and 0 otherwise). The second integer variable is used to indicate whether the diesel

generator unit has changed state from OFF to ON at a particular time interval.
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CHAPTER FIVE
RESULT AND DISCUSSIONS

Twenty-four hours ahead of unit commitment and optimal dispatch scheduling are measured in
this thesis work. Expected time.0.ly normal weight request & a power generation expected from
the 1.5MW wind turbine and 500kWp PV system is publicized in Figure. 5.1 The intermission
are one hour &, consequently, nearby is 24 rests in a day. Once are imitation surprises, it is
assumed for this simulation that the state of charge of the energy storage system is 20 percent.

The hourly price of grid electricity assumed in this work is shown in Fig. 5.2
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Figure5.1Load and renewables profile during simulation day
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Figure5.2Hourly prices of electricity

Taking into account the hourly normal renewable-energy-generation & weight outlines providing
in an overhead figures, smearing a projected MILP grounded microgrid working optimization

policy products an optimal scheduling of resources in case of learning microgrid for 24 hours’

55



dated as revealed in Fig. 5.3. It confirmations an optimal practice of the get-up-and-go packing,
diesel generator, and utility supply aimed at the simulation day on an hourly foundation. Positive
standards of grid power designate the utility grid materials control to the microgrid, although
negative standards specify power disseminate to utility grid. Regarding the energy packing
organization, positive standards of power resemble to satisfying periods however negative
standards match to alleging periods. The state of responsibility of the energy loading scheme at
changed interval of the imitation period for the specific simulation situation is shown in Fig. 5.4.
It can be practical that the diesel generator unit originates addicted to procedure throughout the
pauses somewhere the electricity value of the utility grid develops developed, modifying that
manufacturing power by fuel develops additional cost-effective through hours of peak electricity
price from the grid. It can also be seen in the results that a microgrid importations power after the
utility grid throughout furthermost of the breaks of the imitation day to gratify the local
electricity demand which exceeds the local supply. The microgrid exports power to the grid
during periods when the energy price is higher, thereby utilizing cheaper locally produced energy
and making additional revenue from energy export at higher rates. Without making use of the
energy storage unit and the optimal resource scheduling strategy, the cost of operation during the
24 hours is 1263.3 USD. With the usage of the optimal scheduling of charging/discharging of the
energy storage system and optimal scheduling of the diesel generator, the functioning price for
the identical period is concentrated to 1150.2 USD. This shows the effectiveness of the proposed
optimal scheduling strategy applied in the simulation in terms of achieving the economic

operation of the case study microgrid system.
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Figure5.3 Outputs of optimal scheduling in simulation
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The results demonstration the energy packing charges during recesses anywhere electricity
amount is little, and discharges throughout phases of great value. Additional get-up-and-go
produced inside a microgrid throughout little amount eras could be recycled to responsibility the
BESS and sold to the grid throughout high cost stages. Consequently, optimal scheduling of a
energy packing & diesel generator allows microgrid to minimize operational costs or maximize
revenue from energy export to the utility grid. The status schedule of the diesel generator
component at changed period intermissions aimed at an imitation day during a 24-hour imitation
historical is obtainable in Figure 5.5. Visual comparison of Fig 5.5 and Fig 5.2 indicates that the
diesel generator functions throughout an intermission of an extraordinary network electricity

value to decrease energy bills. It residues off when grid prices go little to decrease fuel feasting.
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Figure 5.5Commitment schedule of the diesel generator unit
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The baseload of a microgrid is altered due to the battery charging and discharging operations at
different time intervals. The ESS plays an important role in lowering the expected daily
minimum load in the microgrid as seen from the generation side. This is because the energy
storage system could supply a portion of the local consumption, thereby reducing the daily

minimum load seen from the generation side.

To summarize the findings of this chapter, the optimal scheduling of energy resources in a Wind-
PV-Diesel generator-ESS microgrid was performed using the MILP optimization algorithm. The
proposed energy management optimization algorithm considers the fluctuations in renewable
energy and load demand in the microgrid and using suitable day-ahead forecasts (typical
generation profiles at the location selected for the study) to overcome these fluctuations in this
thesis work. The simulation outcomes show the effectiveness and possible advantages of the
applied EMS strategy:

* Minimize power generation fuel costs and grid energy purchase costs.
* Maximize energy sales profit.

» Maximize the economic use of energy storage systems.

* Increase the utilization of renewable energy in the microgrid.

Furthermore, the proposed EMS optimization method is fast convergence and produces a

globally optimal solution in an acceptable short computation period.
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CHAPTER SIX
CONCULUSION AND FUTURE WORKS

6.1 Conclusions

In the growth & enlargement of a distributed group, efficient energy management systems show
significant character in the system of microgrid schemes. The availability accurate generation
and demand prediction and efficient resource scheduling strategies are key aspects for optimal
management of microgrids. The addition of more distributed energy resources, particularly a
renewables, & resulting expansion of microgrid systems requires efficient energy management
systems. An EMS plays a central role of managing power flow in the system by deciding the
optimal amount of power exchanged between the microgrid and the utility grid, adjusting outputs
of dispatchable generation units and controllable loads considering the current and predicted
electricity tariff information, generation forecast, and demand forecast to accomplish certain
objectives while satisfying operational constraints. The efficient process of microgrids is
recognized through optimum scheduling of energy storage and other dispatchable units in the
system. Stored energy is useful for matching the intermittent nature of renewable energy
generation units to accomplish stable and optimum operation. This thesis dealt with optimum
energy management in microgrids under demand and resource uncertainties. The purpose is to
develop an optimal hourly resource scheduling plan for the next day to minimize fuel costs and
increase overall operational efficiency. In this thesis, the microgrid energy management system
has been developed and implemented using the Matlab software environment. To sum up, the

following conclusions can be drawn from this thesis.

Optimal operational scheduling of the energy resources in a microgrid operation has been
performed using the MILP in Matlab. The proposed energy management optimization algorithm
considers the fluctuations of REs and load demand in the microgrid, and uses typical day-ahead
generation and load profiles to overcome these fluctuations in this thesis work. The developed
EMS optimization model has also considered other several factors such as the energy storage
options, grid electricity price variations, energy trading with the utility grid, and fuel

consumption of a diesel generator.

The model result shows that the applied energy management strategy is used to minimize the
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diesel cost of power generation, power purchase cost of the grid, maximize the energy sales
profit, maximize the economic utilization rate of ESS, and improve efficiency and utilization
REs within MG. The experimental simulation outcome provided the effectiveness of the
proposed Mixed Integer Linear Program based EMS strategy to achieve potentially low power
generation diesel costs and grid power purchase costs for the MG. Furthermore, the proposed
method is fast convergence and produces a globally optimal solution within an acceptable short

computation period.

6.2 Future Works

This thesis dealt with efficient energy management in microgrids under generation and demand
uncertainties. The research on microgrids has been just a few decades, and as a new energy
system, there are still many problems open for research on microgrids. Below are some of the
further researches recommended to be extended from the contribution of this work:-
e Optimal energy management for microgrids considering customers’ interaction in
the microgrid (taking into account demand response).
e Optimal energy management for microgrids with multiple objectives and more
operational scenarios.
e Ultra-short-term or online optimal dispatching.
e Hardware and/or application software implementation of the energy management
systems.
e Consideration of more advanced microgrid architectures having more number of
DGs, ESS devices, and flexible load demands.
e Extending the concept of the thesis to DC microgrids.
This work can be further improved to be able to handle more complex optimization problems in
a more generic microgrid system including other forms of energy sources not considered in this
study such as microturbines. As more diverse generation systems are incorporated, the issue of
emission minimization, cost of battery charge/discharge cycles, etc. also becomes an important
aspect to consider. Therefore, this work can be upgraded in future works to develop an EMS with
enhanced functionalities able to handle multi-objective optimization problem with nonlinear

characteristics of various types of power generation systems. Also, a microgrid control strategy
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should be in the place that enforces the decisions of the central EMS and ensures stable operation
by maintaining system voltage and frequency within a preset range.

This work will be further extended in future research works to include model predictive control
(MPC) based optimal energy management and control strategy in microgrids.
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