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ABSTRACT

This research presents a regime for energy management of a battery energy storage system
in a renewable DC micro-grid. The increase in world electricity demand is one of the principal
drives to the exhaustion of fossil fuels and expanded greenhouse gas emissions. To solve
these problems, several countries have adopted actions for large deployment renewable
energy sources, which includes wind energy, solar power, biomass power, tidal and
hydropower. These sources are considered as significant in delivering clean energy and
reducing greenhouse gas emissions for sustainable improvement. These renewable energy
sources are often connected to the conventional power system through the distribution
network near consumer loads, thus no extensive transmission system is needed. In such a

case, these are referred to as distributed generation systems.

Distributed generation can impact negatively the performance of the distribution network as
the distribution network will no longer operate with a unidirectional power flow pattern. Some
of the known issues are known to affect voltage quality, protection equipment settings,
desensitised relays, augmented fault currents, increased maintenance of equipment used,
and even a landing portions of the distribution network. To address these issues, micro-grids
are used as a platform to integrate distributed generation systems, as they provide significant
benefits to end-users and to the distribution network. The utilization of energy storage systems
is necessary in renewable micro-grids as they can ensure the reliability of the supplied power.
Battery energy storage systems are the types of energy storage widely utilized in renewable
micro-grids. Comparatively to Li-ion battery, most of the technologies present some issues
(the relation between the charge / discharge rate on their operating conditions, unbalance
SoC conditions), which can impact on the battery lifetime as well as the average of energy
stored in the battery. In case of battery bank, the deep discharge or the premature charge of

battery can lead to a reduced lifetime of the storage system.

The problem of this research was the lack of a proper battery management system in a
renewable DC micro-grid. The DC micro-grid and energy management system algorithm was
implemented and developed using MATLAB/Simulink software, which used a physical
modelling approach. The aim of this research was to develop a battery management system
algorithm to control the charging / discharging of a battery bank and to keep its state of charge
(SoC) in the admissible limits to avoid the deep charging / discharging of the battery within a
DC micro-grid. Moreover, in a micro-grid, given that several power sources are connected, an
energy management system needs to be implemented to ensure their proper operation. The

objectives of this research were to develop DC micro-grid component models to be used in



the simulation model; to design and develop function block logic to be used for the simulation
using State-Flow logical programming environment in MATLAB/Simulink software; to develop
a control system schemes for the DC micro-grid; to develop an energy management system
(EMS) algorithm for the DC micro-grid and to develop a battery management system (BMS)
algorithm and to design and develop a simulation of a DC micro-grid with battery energy

storage using MATLAB/Simulink software.

The results of the scenarios of the developed energy management system (EMS) algorithm
have successfully shown that this developed algorithm will be able to ensure the reliability,
the resiliency, the robustness and the proper operation of the battery systems in micro-grids.
The principal advantage of this developed algorithm will be that it will ensure the proper
relation between the charge / discharge rate of battery energy storage systems on their
operating conditions and will allow to keep its SoC in the admissible limits according to the input
power conditions from the EMS flow chart, to avoid the deep charge / discharge of the battery
bank, which in return will significantly impact on their lifespan and on the reliability in a DC
micro-grid. The results demonstrated that the battery bank was able to handle the load
demands for different scenarios studied. Moreover, the developed software model presents
another advantage, which enables the users to access and to change any control parameter

within the DC micro-grid.

In addition, this developed algorithm will provide a low overall cost and degradation impact on
the battery. The SoC of the battery operation will directly affect its achievable lifetime positively
and the battery degradation costs will significantly decrease. This algorithm offered a proper
operation of the entire developed DC micro-grid system, which could result in reduced battery
degradation and improve battery life as well as the energy stored in the battery. The results
have shown that the initial investment cost will comparatively be lower and will decrease the

economic analyse in terms of LCOE.
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CHAPTER 1: INTRODUCTION
1.1. Background
1.1.1. Micro-Grids

The augmentation increase world electricity demand is one of the principal drives to the
exhaustion of fossil fuels and expanded greenhouse gas emissions. To solve these problems,
several countries have adopted actions for large deployment renewable energy generation,
which are wind energy, solar power, biomass energy, tidal and hydropower (Lu et al., 2016).
These sources are considered as significant in delivering clean energy and reducing
greenhouse gas emissions for sustainable development (Lasseter & Paigi, 2016). Topi¢ et al.,
reported that in 2019, a worldwide total of 2588 GW was achieved from the deployment of
renewable energy resources, excluding hydropower. These renewable energy sources are
often connected to the conventional power system through the distribution network near the
loads, thus no transmission system is needed. In such a case, they are referred to as

distributed generation system (Topi¢ et al., 2021).

Distributed generation can impact negatively on the performance of the distribution network
as the distribution network will no longer operate with a unidirectional power flow pattern (Peres
& Lissitsa, 2018). The issues related with bidirectional power flow pattern are intensified by
increasing levels of the distributed generation systems in the distribution network. Some of the
known issues are known to affect voltage quality, protection equipment settings, desensitised
relays, augmented fault currents, increased maintenance of equipment used, and affect a large
portion of the distribution network (Maor, 2017). To address these issues, micro-grids are used
as a platform to integrate distributed generation system, as they provide significant benefits to
end-users and to the distribution network. Their benefits include improving the reliability of
power supply, managing local loads with high power quality, mitigating carbon dioxide
emission and reducing transmission and distribution network costs (Morstyn et al., 2018).
Depending on the type of loads, micro-grids can supply power in DC or in AC form. Besides
distributed generation systems, a typical micro-grid consists of a controllable load and an

energy storage system.

1.1.2. Energy Storage Systems

An energy storage system refers to a device that converts energy from one form (usually
electrical energy) to a storable form and that stored energy can be converted back in electricity
when required (Parhizi et al., 2015). The utilization of energy storage system, especially in
renewable micro-grids presents an exceptional benefit on the reliability of the electric power

as it can smooth the power fluctuation, reduce power quality problems, control the micro-grid

1



frequency and voltage (Faisal et al., 2018), deliver initial energy when there is a transition
between grid-connection and islanded mode operation of micro-grids and provides ride-
through capability in case of dynamic variations in intermittent energy sources and enables
distributed generations to operate as dispatchable units. They can also be used for energy
arbitrage, whereby energy is stored at a lower cost and sold back when the market price is
high. Various types of energy storage technologies are found in the market. Some of the
attractive energy storage technologies are pumped hydropower, compressed air storage,
superconducting magnetic storage, flywheel energy storage, super-capacitor and secondary
batteries (Bradbury, 2015). Among these technologies, batteries, flywheels and super-
capacitors are more attractive for micro-grid applications (Prashant & Atma, 2016). A typical
flywheel can be utilised as a main storage system for the entire micro-grid, whereas super-
capacitors would be an expensive choice to go for as compared to flywheels and batteries. On
the other hand, batteries can be utilized either as the main storage system or supply capacity

reserve for future energy demand (Nadeem et al., 2019).

Batteries are available in different sizes and power ratings, besides their use in micro-grids,
other application areas include high tech electronic equipment and toys. Classical lead acid,
NaS and LiH batteries are used in cars and solar systems. For industrial applications, batteries
are mainly utilized as backup power in a UPS (Uninterrupted Power Supply) (Shalini et al.,
2017). Some of the benefits of batteries include rapid response to load changes, low standby
losses and high efficiency (60 — 95 %). Generally, the operation of batteries requires particular
attention as they can be subjected to overcurrent, overvoltage or overcharging/discharging,
which can significantly impact on their lifespan and on the micro-grid reliability. Hence, a
battery management system is important to ensure the battery safety and optimise its

performance.

1.1.3. Energy Management Systems

The energy management system (EMS) is a method utilized for monitoring and optimizing a
system operation. Generally, the energy management system is utilized to control power
generation and schedule programs for a group of power grid applications (Morstyn et al.,
2019). However, energy management system may be considered as another way to control
the electrical loads in micro-grids. Therefore, interest in improving the energy management
system as the core of micro-grids has been greatly augmented to facilitate the integration of
more renewable energy sources in the power system in a safe, stable, reliable, robust, optimal
and coordinated strategy (Chowdhury et al., 2020). Specifically, more attentions have been

focused on the optimization of the energy management system by seeking efficiency, economy



as well as environmentally friendly operation of micro-grids.

In the last years, much interest for the energy management system of micro-grids have been
essentially augmented. Nevertheless, most of the researches are focused on the traditional
platforms that cannot represent effectively the reality because of many purposes such as
inexact models, deterministic estimations and balance conditions (Feng et al., 2019). To
improve the performances of micro-grids and energy storage system (ESS), an advanced
energy management system design and new control strategies are required (Totem, 2019).
Depending on these aspects, several studies were reported focusing to enhance the proper

action and operation of energy management systems, which still need much more interests.

1.2. Statement of the Research Problem

In micro-grids, batteries have been the favourite energy storage technology focus on
addressing and accelerate United Nations Sustainable Development Goal 7 ‘Affordable and
Clean Energy’ as well as contributing to the discussion around the long-term mitigation of
climate change. However, their improper or non-effective operations can cause over-current,
overvoltage or overcharging/discharging and significantly impact on their lifespan and on the
micro-grid reliability. The problem in this research is the lack of a proper battery management

system in a renewable DC micro-grid.
1.3. Motivation for Research

Due to the current generation methods based on fossil fuel, is driving increase in greenhouse
gas emissions. To solve these problems, several countries around the world have engaged in
large deployment of the renewable energy sources, which are wind energy, solar power,
biomass energy, tidal and hydropower. This deployment facilitated by micro-grids, which serve
as platforms for the renewable sources incorporation within utility grids. These micro-grids
provide benefits such improving the reliability of power supply, managing local loads with high
power quality, mitigating carbon dioxide and reducing transmission and distribution network
costs. Three different types of micro-grids exist, which are the AC micro-grid, the DC micro-

grid and the hybrid micro-grid. This research considers a DC micro-grid.
1.4. Aims and Objectives of the Research

The aim of this research is to develop a battery management system algorithm to control the
charge and discharge of a battery bank linked to a DC micro-grid and to keep its SoC in

admissible limits to avoid deep charge / discharge.

The objectives of the research are as follows:



Develop DC micro-grid component models to be used in the simulation model using
MATLAB/Simulink software

Design and develop function block logic to be used for the simulation using State-
Flow logical programming environment in MATLAB/Simulink software

Develop a control system scheme for the DC micro-grid using State-Flow logical
programming environment in MATLAB/Simulink software

Develop an energy management system (EMS) algorithm for the DC micro-grid using
State-Flow logical programming environment in MATLAB/Simulink software

Develop a battery management system (BMS) algorithm using State-Flow logical
programming environment in MATLAB/Simulink software

Design and develop simulation of a DC micro-grid with battery energy storage using
MATLAB/Simulink software

In addition, the research is to establish advantages of DC micro-grids employing the developed

approach. The use of battery energy storage systems, especially in renewable micro-grids has

an important role on the reliability of the electric power as it can smooth the power fluctuation,

reduce power quality problems and control the voltage, in this regard an energy management

strategy needs to be implemented. The software model must be flexible to enable the users to

access and to change any control parameter within the DC micro-grid.

1.5.

Methodology

The methodology adopted in this study is as follows:

1.6.

1. Review of literature on micro-grids, their power electronics converters and control
approaches,

Development of mathematical models of components of the DC micro-grid
Development of an algorithm for the battery management system

Development of a Simulink model of the DC micro-grid,

vk wN

Simulation of the developed Simulink model and analysis of the results.

Research Questions

¢ How can battery energy storage systems in DC micro-grids be made more efficient

by the energy management control algorithms?

¢ In order to balance the state of charge of each battery, how will the definition of

the software model determine the control algorithm?

e Looking at the voltage drop of each battery, how will the SOC factor be adjusting

in admissible limits?



e By introducing the energy management of a battery algorithm, will the system be
able to avoid the deep discharge or the premature charge of a battery bank and
increase lifespan of the storage system?

¢ Will this energy management of a battery contribute significantly to the reliability

of micro-grids?
1.7.  Significance of the Research

The use of batteries into DC micro-grids reduces the variation of power flow caused by
fluctuating renewable energy sources. They contribute significantly to the reliability of micro-
grids. Generally, the operation of batteries requires attention as they can be subjected to
overcurrent, overvoltage or overcharging/discharging, which can significantly impact on their
lifespan and on the micro-grid reliability. Hence, a battery management is important to ensure

the battery safety and optimise its performance.
1.8. Plan of Development

Chapter 1: Provides the background, the statement of the research problem, aims and

objectives. It presents also the methodology, the significant of this thesis.
Chapter 2: A literature review on micro-grids is presented in this section.

Chapter 3: This section gives the back ground on energy storage systems, power electronic

converters for batteries and power electronic converters control.

Chapter 4: Describes the System and the modelling for the project.

Chapter 5: The results of simulation and analysis of the developed DC micro-grid model and

energy management system algorithm are discussed.

Chapter 6: The conclusion of the research is presented in this section. A summary of the

research is given and some future works are proposed.



CHAPTER 2: LITERATURE REVIEW ON MICRO-GRIDS
2.1. Overview

An overview on the concept of micro-grid using distributed generation (DG) systems based on
diversity of sources both renewable and non-renewable is described through with its principal
characteristics making it as an attractive option for electrification. There exist several types of
energy storage system. In this research, only four types of technologies will be studying, which
include chemical batteries, gravitational pumped storage systems, compressed pressurised

air storage and mechanical flywheel.

A DC-to-AC VSl is utilised as an interface between the utility grid and the end user loads in
the distributed energy sources. The inverter is used in a micro-grid to form an interface
between the DC voltage of the renewable energy source with the AC voltage requirements of
the load demand and the utility grid. The inverter is also utilised for stabilizing the grid by
controlling the voltage, frequency, the active power and reactive power. Furthermore, the
converter allows to connect battery energy storage system (BESS) to the grid, thus, a review
on the basic power electronics converters and control used for batteries charging and

discharging needs to also be discussed.
2.2. Concept of Micro-Grid

A typical micro-grid refers to a set of distributed generation (DG) systems based on renewable
and/or non-renewable sources, incorporating an energy storage system (ESS) and local
controllable loads, generally connected to the distribution system (Agrawal & Mittal, 2011). It
may operate in both grid connected and isolated mode depending on the load condition. Micro-
grids can be grouped into diverse categories depending on the location (such as campus,
military, residential, commercial, and industrial), size (such as small, medium, and large
scales), application (such as premium power, resilience-oriented, and loss mitigation), and
connectivity (off-grid and grid-connected) (Lotfi & Khodaei, 2017). Generally, there exist three

types of configurations, which are remote, grid-connected and networked.

A hybrid micro-grid integrates several distributed energies sources; the power from these
sources is collected, converted and distributed according to the load requirements. A control
system is needed to ensure a proper operation of micro-grid when power electronics interface
with it to form a single unit. The control system is very necessary, besides providing flexibility,
it also preserves the specific energy production and the power quality (Totem, 2019). A

representative idea of a micro-grid can be given through Figure 2.1, where it is shown that a



micro-grid can be interconnected with the utility network, include a variety of energy assets

and resources in order to provide different services to a range of facilities.
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Figure 2.1: A typical micro-grid (Totem, 2019)

Based on the environmental interests (such as atmospheric, ground and water pollution,
climate change), the utilization of fossil fuels, the finite and limited quantities of conventional
fuels, the augmentation cost of electrical power, the necessity of energy security and the
independence of some nations, reinforce the desire to adopt and develop renewable energy
technologies (Chowdhury et al, 2019). The decentralization of electrical power generation
brings production closer to the point of consumption, increasing system dependability,
because if a fault happens somewhere and one part of the grid is isolated, that will not affect
other sections. In addition, it raises the efficiency of the entire system, as transmission losses
are reduced (Jones & Chowdhury, 2018).

All of the above obtain higher importance due to the unlimited augmentation in energy
requirement around the world, with a varying rate between the nations and the continents. For
practical and scientific benefits, significant motivations are deployed to encourage the
integration of micro-grid projects for electrification in remote regions as well as nations in
development (Hirsch et al, 2018). The great augmentation in electrical energy demand,
requires more actions to optimize the grid, congestions alleviation and introduction of urgent
auxiliary services. The significance and nature of the role of the micro-grid differ depending on

the location where it is installed and the conditions (Carpintero-Renteria et al, 2019).



2.2.1. The Divergence between a Traditional Power Grid and a Micro-Grid

A conventional grid refers to a unidirectional grid, which produces power at one end and then
transmits it to other areas where power is required. After long transmission, the power is
distributed to each specific customer using a distribution transformer to decrease the voltage
at consumer level. A micro-grid may operate connected to a conventional grid or autonomous,

which is known as islanded mode (Islam et al., 2014).

Despite the fact that the conducting force and the objectives of the micro-grid in different
countries are not precisely the same, the following elements below of micro-grids are generally
characterized as the principal divergences compared to the traditional power grid (Feng et al.,
2018):

v" Improve the adequacy of discontinuous renewable energy sources and enable the
electricity grid to adjust diverse power source structures.

v" Virtually eliminates the risk of large-area and long-time power failure, except for
large-scale physical damage.

v" Promote the economy and reduce costs, energy consumption and emissions.

The distribution of the power grid is a fundamental factor to secure and stabilize the operation
of the electrical system as well as to optimize the allocation of resources. According to the
large-scale access of distributed generation (DG), periodic renewable energy resource, higher
demands to the reliable power generation and economy, traditional power grid cannot achieve
the requirement performed by the micro-grid improvement (Richter et al, 2012). Thus, the
distribution of the micro-grid differs to the traditional distribution power grid. Based on the
inappropriate restoration process of the traditional power system, this requires a rapid
intervention, generally manual and in a real time, while in a micro-grid system the entire
processing of the restoration is much more easier due to a limit number of controllable
variables (Difference between traditional and MG) (Islam et al., 2014). Figure 2.2 shows the

divergence between conventional and micro-grids.
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Figure 2.2: the divergence between conventional and micro-grids (Islam et al., 2014)
2.2.2. Some Benefits of a Micro-Grid

The development of micro-grid brings several gains compared to other technologies, as listed
below (Chowdhury et al., 2019):

» According to the environmental protection, a micro-grid enables to reduce pollution
due to it uses micro-source, which generate low or zero emissions.

» Micro-grids operate in parallel to the utility grid; this allows to take care of other
loads by supporting the utility grid. The surplus of production generated by micro-
grids may help to prevent overload issues and blackouts of the utility grid.

» Reduces the size of the transmission line and the installation. Micro-grids also
reduce the use of fossil energy.

= The operation in both grid-connected and isolated mode, micro-grid provides
uninterrupted power supply to the loads. This property gives it the ability to be
more reliable and provide a high power quality to the critical loads.

= A micro-grid becomes more advantageous than the thermal energy saving when
utilizing the combination of heat and power. This process is simple to reach with
the micro-source in a micro-grid. The micro-source may be located closer to

thermal and electrical loads to maximize energy efficiency.



2.2.3. Types of Micro-Grid

The micro-grid refers to a small power system that includes diverse elements, like DG sources,
loads and storage systems, which are interconnected. There exist three types of micro-grid in
terms of power, as an AC power system, a DC power system, or a hybrid system. Each of
these three sorts of micro-grid presents advantages and disadvantages (Wang et al., 2012).

The following Figure 2.3 presents the different types of micro-grids.

Microgrids

l ! l

Hybrid
DC Microgrids DC- and AC- AC Microgrids
Coupled Microgrids

' l

High-Frequency Line-Frequency
AC Microgrids AC Microgrids

Figure 2.3: Classification of the micro-grid based on power type (Wang et al., 2012)
2.2.3.1. The DC Micro-Grid

DC Micro-grids have recently received much attention, especially for commercial and
residential small-scale applications, as they provide an increased efficiency and controllability
with additional power conversion stages being eliminated, synchronisation and compensation
of reactive power no longer needed (Gu et al., 2014). In a typical micro-grid, the common bus
is DC, hence, AC generators are connected to the DC bus through rectifiers, while inverters

are used to supply AC loads (See Figure 2.4).
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Figure 2.4: DC micro-grid with AC and DC loads (Justo et al, 2013)

The DC micro-grid can operate connected to the utility grid either isolated from it. It gives

various operational advantages (Yadav et al., 2017).

e Many of the devices, which are connected to a DC micro-grid are generally
electronic devices, such as TVs, computers, fluorescent lights, variable speed
drives, households, businesses, and industrial devices. As there are directly
connected to a DC type micro-grid, no power systems like AC-to-DC, DC-to- AC
or AC-to-DC-to-DC are needed, which could be needed for an AC micro-grid.

¢ No transformer is used in a DC micro-grid; this characteristic makes it to be more
efficient, reduced size, and more reliable in a DC power system. Moreover, a DC
micro-grid has an ability to operate with twin wire cables, while an AC micro-grid
operates with more wires (3 or 4).

e In DC micro-grids, there is no reactive power flow, therefore voltage control is
assumed by the flow of active power, whilst in AC micro-grid the voltage control is
associated to the reactive power flow and injects the active power, which mostly

delimits the local power angle of the interfacing VSI.

However, a DC micro-grid still presents various issues that must be surmounted. There are no
good practices implemented to manage fault situations and basic protective element such as
circuit breakers, fuses and protection relays is lacking, like it can be seen in AC micro-grids
(Lago & Heldwein, 2011).

2.2.3.2. The AC Micro-Grid

AC micro-grids are the most general type of micro-grids whereby distributed generation

systems based on renewable and non-renewable are connected to the loads via a common
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AC bus using power electronic converters (See Figure 2.5) (Justo et al., 2013). In such a case,
DC generators and energy storage units are connected to the AC bus through DC to AC

converters, while rectifiers are supplying DC loads (Camblong et al., 2009).
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AC
loads

LVAC line

loads
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LVAC line load
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DG DG
DC unit-1 _T unit-2
loads

Figure 2.5: AC micro-grid with AC and DC loads (Justo et al., 2013)

. LVAC line

PCC

All the distributed generation systems, which produce an AC output power, like wind turbine
and biomass, may directly be connected to an AC-bus line of the micro-grid or through an
AC/DC/AC power converter (Lotfi & Khodaei, 2017). The AC micro-grid has a facility of using
the infrastructure that exists from the utility grid, because of its power system capability as well
as the fact for being compatible with the utility grid. This implicates that the AC loads are
directly linked to a AC micro-grid without needing power transformation converters (Justo et
al., 2013).

2.2.3.3. The Hybrid Micro-Grid

A hybrid micro-grid includes an AC and DC micro-grid, it combines AC and DC buses types
(See Figure 2.6) (Kishore & Ravikumar, 2016). A typical presentation of a hybrid micro-grid is
illustrated in Figure 2.6; the red colour line describes the DC power flow and the blue colour

line the AC power flow.
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Figure 2.6: Conventional hybrid micro-grid (Kishore & Ravikumar, 2016)

For achieving the hybrid micro-grid configuration, bidirectional power electronics is utilized.
The system offers more benefits in both side AC and DC micro-grid. An additional converter
interface cannot be needed for supplying AC or DC loads, that augments the system efficiency
and reliability. The coordination of a control algorithm can be required by the system to achieve
the stability of the performance, which is a challenge for this type of configuration (Ortiz et al.,
2019).

2.2.4. Micro-Grid Architecture

Figure 2.7 presents the architecture of a micro-grid and consists of the following components
(Jadav et al., 2017):

e Distributed generations,

e Energy storage system,

e Control and communications modules

These equipments are linked to a low voltage grid dispatching. The low voltage dispatching
integrates a diversity of micro-sources and diverse types of loads interfacing with the power
electronic systems. To make sure of a good harmonization and control of the system, the Point
of Common Coupling (PCC) can define the operating mode, which could be grid connected
mode or autonomous mode. The PCC connects the micro-grid with the main medium voltage
utility grid. The role of PCC is to connect or disconnect the micro-grid system from, or to the
utility grid. To provide a total system stability, a micro-grid is supported and coordinated via

diverse control levels, using micro-source and central controllers.
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Figure 2.7: Micro-grid architecture (Mariam, Basu, & Conlon, 2016)
2.3. Distributed Generation Systems

Distributed generation includes a diversity of sources both renewable and non-renewable
(Lasseter & Paigi, 2014). Renewable sources refer to generators that use renewable energy
as the primary energy to produce electricity. They include technologies like photovoltaic, solar
thermal power, wind power, biomass, tidal power, geothermal power, etc. Non-renewable
sources use natural resources that are not naturally replenished to generate electricity see in
Figure 2.8 (Ustun et al., 2011).

The power electronics are required to the source side of the output of a micro generator for
converting power into its various forms; it may generate a fixed or variable frequency AC or
DC. An inverter can be required for the conversion, or both rectifier and inverter to make sure

that the frequency and voltage outputs concur to the grid one.
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Figure 2.8: Distributed Generation Technologies (Muthuvel et al., 2017)

Based on power flow control, a micro-source may be classified as dispatchable or non-
dispatchable system. The output operation set point of the dispatchable types is defined by
the supervisory control system. Thereby, synchronous generators are conventional units,

which allow external control and regulation (Muthuvel et al., 2017).

2.3.1. Solar Power System

Solar power can generate electricity into two different methods, which are solar thermal
process and photovoltaic conversion. Solar thermal process converts solar power in heat,
which drives a steam turbine as shown Figure 2.9 and produces electricity. Photovoltaic
conversion consists of converting the photoelectric phenomena sunlight in electricity (Maghami
et al., 2016). For photovoltaic systems, semiconductors such as silicon are used to form solar

cells.

This generates an electrical voltage and the electrical current, which can drive a load. A solar
cell constitutes an essential element of a photovoltaic system. These cells are connected in
series and parallel to form modules, modules are connected in series to constitute strings and
strings are connected in parallel to constitute arrays. On the other hand, solar thermal process
uses solar collectors to collect heat; different types of collectors including parabolic through,

concentrated solar collectors, etc. can be used (Cocco et al, 2016).

Because of the high cost and enormous losses of heat transport, solar thermal process is used
for local domestic and industrial processes. The Combined Heat and Power (CHP) system
achieves an efficiency of more than 80% comparing to a conventional power plant, which has
an efficiency of approximately 35%; this big difference is because the CHP system is much

closer to the user. The integration of a CHP system may participate to decrease the primary

15



energy use to up to 35% and reduce €O, emissions to 30% comparing to a large coal-fired

power station (Nrel & Group, 2015).
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Figure 2.9: Block diagram of a concentrated solar power system (Cocco et al, 2016)
2.3.2. Photovoltaic System Presentation

By connecting the PV modules in an array unit is to generate a large quantity of electricity.
Generally, a photovoltaic panel generates a constant DC voltage according to the irradiation
of solar. Power electronics are principally needed, because they interface with the connection
of micro-grid and an inverter is utilised to convert the produced DC voltage, in an adequate 50
Hz AC voltage. The weather fluctuations are very necessary to consider, because they enable
to control the output voltage, which conduces to optimize the output voltage of the PV. The
Maximum power point tracking is a specialized control technique improved, in order to extract
the maximum generated power by the photovoltaic system. This controller allows to preserve
the PV system operation at the highest possible efficiency to maximize the power extracted
(Rajesh & Mabel, 2015).

2.3.2.1. Maximum Power Point Tracking Charge Controllers

The actual advanced technologies may allow the PV panels to operate at their maximum
performance. Some aspects like temperature and diverse ambient states furnish disagreeable
conditions for the operation of photovoltaic panels. A maximum power point tracking (MPPT)
controller allows to make adjustments, according to the input generated by the PV systems

and enable to control the output charge signal, which can conduce to the collected power
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optimization from the PV systems. These controllers ensure the protection of the battery from
over-charging (Sharma & Purohit, 2015). Based on the Solar-Electric (2015) brochure, an
MPPT controller performs digital electronic tracking. MPPT utilises a technical method to
sample the PV cells output voltage and provides a variable load to conserve the maximization
of the output. This controller is utilized to adjust the PV module output, so that the maximum

energy can be transferred to the batteries (Du Plooy, 2016).

2.3.2.2. Algorithms for Maximum Power Point Tracking

Various algorithms are implemented to track in a spontaneous way the peak power point from
a solar panel. The principal used algorithm is the MPPT, which allows to extract the maximum
power possible (Majid et al., 2011). The following controllers are the most developed for PV

systems that use MPPT strategies:

e The perturbation and observation (P&O) algorithm
¢ Incremental conductance (INC)

e Parasitic capacitance

¢ Voltage-based peak power tracking

e Current-based peak power tracking

2.3.2.3. Photovoltaic Cell System Operation

The main operating mode of a PV cell refers to the conduction in a semiconductor such as
silicon. Figure 2.10 illustrates the operation of a PV cell, as it is seen, the sombre area of solar
cell is exposed to sunlight. When electromagnetic (EM) radiation hits the surface of the cell,
this stimulates the electrons and induces them to move from a given energy stage (orbit) to

another level, which leaves holes afterward (Molykote, 2017).
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According to the proposed theory of operation of PV cell, the produced electric current is due
to the relaxation of the excited free electrons within the PV cell by the incident photons. The
PV cell refers to a device, which converts the incident solar energy in the electrical energy,
therefore, there is electrical energy generated as long as there is incident solar energy on the
PV cell and excitation of the free electrons within the PV cell. This explains how a PV cell can
charge many capacitors without depletion, and can run a spark plug for a long time without
weakening (Abdelhady et al., 2017).

2.3.2.4. Photovoltaic Module System

The electrical connection of photovoltaic cells is grouped in a series of rows and columns to
form a module. To ensure the mechanical protection of cells against atmospheric agents, a
glass pane is placed at the front of the module or by posteriorly placing isolating materials and
plastics. A photovoltaic module is completely provided with high efficiency polycrystalline silica
cells, which use a prismatic glass pane for optimizing light scattering as seen in Figure 2.11
(Strings et al., 2019).
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Figure 2.11: Photovoltaic module system (Strings et al., 2019)
2.3.2.5. Photovoltaic Array System

A photovoltaic array is a collecting link of photovoltaic modules, as it can be seen in the figure
2.12. Each photovoltaic (PV) module is made up of several interconnected PV cells (Singh &
Rajput, 2016). The power that a module may generate is rarely sufficient to meet the needs of

a home or business, so the modules are connected together to form an array.

Cel Module Pare Asray

Figure 2.12: Photovoltaic array system (Singh & Rajput, 2016)

The modules of a photovoltaic array are firstly in general connected in series to reach the
wanted voltage; the strings are after individually connected in parallel to enable the system to

generate more current.

2.3.2.6. Solar cell efficiency

Over the past 10 years, the average efficiency of commercially available wafer-based silicon
modules has augmented from approximately 12% to 17% (Super-mono 21%) and Cadmium-
Telluride (CdTe) module efficiency raised from 9% to 18% (Salmi et al., 2012). Mono-
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crystalline silicon is the most efficient module in the laboratory with an efficiency of 24.4%.
Record efficiencies establish the potentiality of further efficiency augmentations at the
generation level. High concentration multi-junction solar cells today reach an efficiency of over
47.1% in the laboratory (Freiburg, 2019).

2.3.3. Wind Energy Power System

The operational mode of wind turbines is characterized on two principles: Firstly, the
conversion of kinetic energy of the moving air in mechanical energy, which is achieved through
the use of aerodynamic rotor blades and mechanical power control. Secondly, the conversion
of mechanical energy in electrical energy through a generator, which generates electricity
(Knopper & Olison, 2011). Based on their topology, wind turbines are grouped in horizontal

axis and vertical axis (see Figure 2.13) (Tawfiq et al., 2019).

The vertical axis wind turbine has a set upright rotor shaft, which can capture wind from any
direction (Shahariar & Hasan, 2014). Moreover, the vertical axis does not need an additional
mechanism to capture the wind. A heavy generator device could be placed on the ground to
consequently reduce the tower load (Schubel & Crossley, 2012). Different types of generators
including induction generator, doubly fed induction generator, synchronous magnet generator,
permanent magnet synchronous generator, etc. are generally utilized to convert the electro-

mechanical energy in electricity (Parker et al., 2016).
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Figure 2.13: Vertical Axis versus Horizontal axis turbine (Salem, 2016)

Horizontal axis wind turbines present much more advantages then the vertical axis wind

turbines. These advantages include:
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¢ Providing a maximum amount of power; when the height increases the speed
increases as well, consequently increasing the generator output power above the
speed;

¢ Higher efficiency.

One of the disadvantages of the horizontal axis is that the generator is fixed on a tower, making

the maintenance difficult (Tawfiq et al., 2019).
On the other hand, the vertical axis presents like advantages:

¢ Few moving parts simplifying the installation and maintenance, and raising the
turbine efficiency;

e Low blade speed, less noise due to the low speed and less visual interference,
because of the horizontal movement;

¢ No need for additional control compared to the horizontal axis.

However, the main disadvantage so far is their efficiency which is relatively smaller with slower

rotation due to short towers (Shahariar & Hasan, 2014; Tawfiq et al., 2019).

2.3.3.1. Wind Turbine Characteristics

The characteristics of the included components therein (like rated output power and speed,
cut-in and cut-out speed) affect the characteristics of wind turbines (Wrobel et al., 2018). Rated
output power describes the maximum generated power of the rotor, which can describe the
rate of the generator. Cut-in speed defines the minimum rotated wind speed of the turbine, the
rated speed is the minimum wind speed allowing the turbine to start to generate the rated
power and cut-out speed refers to the maximum wind speed that enables the turbine to develop
power (Hossain et al., 2017). Beyond this speed, the wind turbine is stopped (Sumathi et al,
2015).

A common wind turbine extracts power from the wind, which is function of some parameters
like wind power availability, wind turbine power curve as well as the ability to address the
system variation (Barambones et al, 2019). In addition, the following equation (2-1) determines

the captured wind turbine power (Bassols et al, 2016):
Pm(v, A, B) = 2Cp(, B) pre R2V? (2-1)

Where P, represents the power (W), R refers to the rotor radius (m), p is the air density (m3),

v is the wind velocity (m/s), C,, the coefficient of wind power, and B is the pitch angle
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Cp refers to the extracted wind fraction of the wind turbine and their theoretical value limits to

59.7%, according to Betz rules (Sumathi et al., 2015). Similarly, Equation (2-2) as gives tip-

speed ratio:

A1==2 (2-2)

Where 1 is tip-speed ratio for the wind turbine (radian), w is the rotational speed of the rotor

(radian / second), R is the rotor radius (m) and v is the wind speed (m/ s).
2.3.3.2. Power Electronics Converters for Wind Turbines

Over the two past decades the investigation of diverse converter configurations has been
performed depending on the power condition of the wind turbine generators. Most of the
developed converters present some benefits and some challenges. Back to back bidirectional
and diode rectifier based unidirectional converters represent the common converters

topologies commercially utilized in the wind turbine generators (Blaabjerg et al, 2007).

1. Diode rectifier based converter

According to this topology, the wind turbine generator output frequency and magnitude AC
power are converted in DC power through a circuit made up of a diode rectifier and afterwards
by using a controlled inverter and after converted back in AC power at diverse frequency and
voltage levels. The diode rectifier (uncontrolled rectifier) based converter system allows the
transfer of power in one direction (like from generator to the grid). Diode rectifier topology is
generally utilized in wind power generation system such as wound rotor synchronous
generator (WRSG) or a permanent magnet synchronous generator (PMSG) instead of an
induction generator (Islam et al, 2013). Figure 2.14 illustrates a diode rectifier using a step-up

chopper system.
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Figure 2.14: Diode rectifier based converter (Islam et al, 2013)
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This converter presents as advantages: low system generation cost and easy implementation.

In contrast, the diode rectifier presents as disadvantages: a large quantity of harmonics (input
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current) affecting on the utility system performances, high harmonic losses (output voltage)

and a single direction power manipulation ability.
2. Back to back converter

Back to back converter also refers to a controlled rectifier and a controlled inverter based
converter and itis composed of two conventional pulse width modulated (PWM) voltage source
inverter (VSI). The rectification stage makes it be differed to the diode rectifier based converter,
by replacing the diode rectifier with chopper circuit by a controlled rectifier (see Figure 2.15).
The bidirectional power flow ability is given by the controlled rectifier, which was impossible
with the diode rectifier based converter (Mrcela et al, 2016). Furthermore, with the controlled

rectifier the input current harmonics as well as harmonic losses are generally reduced.
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Figure 2.15: Back to back converter based wind turbine generator system (Mrcela et al, 2016)

This converter operates as a bidirectional power converter, it can boost the DC-link voltage to
a higher level than the grid line to line voltage amplitude to reach the grid current full control,
the decoupling control of the two inverters is assumed by the capacitor, which interfaces
between the inverter and rectifier and this enables the asymmetric compensation on the grid
and generator. This converter is composed of two inverters, which can make the switching
losses to even be more accentuated, an extra EMI-filters may also be required for a higher
switching speed to the network, and the combining control of the controlled rectifier and

inverter is a bit complicated (Islam et al., 2013).

2.3.3.3. Voltage Source Converter and Current Source Converter Wind Turbine

The voltage source rectifier can operate as a power conversion topology. While the current
source is considered a double part of a voltage source rectifier (Bao et al, 2012). When the
voltage source drives the system, the topology is characterised by a capacitor (dc link voltage),
which composes a direct link voltage with the bulk capacitor. The current source topology

allows the control of the wind variable by either the inverter or the rectifier side (Lumbreras et
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al., 2016). One of the important elements to be controlled in current source converter topology

is the direct current link. This direct current link characteristic allows power flow from the
generator to the network.
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Figure 2.16: Generator side block diagram (Lumbreras et al., 2016)

The generator side needs to be controlled, as there are some elements like the generator
stator, which requires the control of the current to set the torque and consequently the rotating
speed as shown in Figure 2.16. For the network side, the objectives of the control consist of
regulating the dc link current as well as manipulating the injected reactive power to the grid
(see Figure 2.17). In addition, the converter must be capable to support the generator output

variable frequency and voltage in order to control the speed (Blaabjerg et al, 2012).
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Figure 2.17: Grid side block diagram (Lumbreras et al., 2016)

2.3.4. Geothermal Power

Geothermal power consists of converting the containing energy in the hot rock in electricity by
utilizing water to absorb heat contained in the rock and transporting that heat to the surface of
the earth and converting it in electric energy via turbine generators as seen in Figure 2.18.
High temperature water (> 240 ° C) is partially vaporised in steam and the conversion of heat

to mechanical energy is realized by using low-pressure steam turbines (Sheth &
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Shahidehpour, 2004). Exploitable geothermal reservoirs are located in highly permeable, high
temperature, fluid-filled rocks in the upper part of the crust of the earth, usually in areas

combined with young volcanic rocks (Valishin & Variamova, 2008).
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Figure 2.18: The basic concept of geothermal energy system for power generation (Subia,
2010)
The production well extracts the geo-fluid (brine) from the geothermal energy resource and the
extracted brine transports the heat extracts from the liquid resource, which in return is
efficiently transferred to the low boiling point (BP) organic working fluid through a heat
exchanger. The heat is absorbed by the low boiling point organic liquid and boiled at a
practically a bit lower temperature (comparing to water), which results to a developed vapour
pressure that can run the axial flow or the radial inlet turbine (Subia, 2010). The turbine is
connected to an electrical machine that converts the mechanical energy from the turbine shaft

to an electric energy (Qxodeghhq et al., 2019).

The most current operating geothermal power plants include dry steam plants or flash plants
(which can be single, double and triple) and operate with temperatures above 180 ° C. But,
medium temperatures are generally utilized for power production either for a production
combination of heat and power through a binary cycle technology improvement, wherein a
geothermal fluid is utilized through heat exchangers to heat a closed loop process fluid
(Anderson & Rezaie, 2019).

2.3.5. Hydropower

The greatest renewable energy source is the Hydropower as it approximately generates 16 %
of electricity in the world and about 80 % of the renewable energy of the world (Mo et al, 2015).

Hydropower is a process referring to the generation of electricity from the water flowing in a
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river either an ocean. The objective of hydropower production is to generate clean energy,

which contributes to climate change (Basar et al., 2015).

The hydropower plant is generally constituted by the following equipments, which are a
generator, a turbine, a penstock and a wicket gate as shown in Figure 2.19. The turbo-
generator is driven by water and the rotating generator generates electricity. The water that is
stored in the reservoir has a potential energy at the initial stage, while crossing the penstock
and progressively before attaining the turbine, potential energy is lost and kinetic energy is

gained (Kuenzer et al., 2013).
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Figure 2.19: Typical of Hydropower Plant with storage (IRENA , 2012)

Hydropower is the transformation of the potential energy contains in the water that flows into
a river or ocean with a certain vertical falling in an electric energy, which may be injected to
the grid. The head and flow of water determine the potentiality of annual power production of
a hydropower project. Hydroelectric power plants utilize a comparatively simple concept to
convert the potential energy of water that flows in a river to run a turbine, which in return
generates the mechanical energy needed to run a generator that produces electricity like it

can be seen in Figure 2.19 (Pérez et al., 2017).

Generally, hydropower plants have very long lifetimes and particularly based on the
component, they can be of the order of 30 to 80 years. Many examples exist, showing the
hydropower plants that operated for over hundred years with regular upgrades of electrical and
mechanical systems (Edenhofer et al., 2017). The using water to run hydropower turbines is

not consumed but is returned to the river system. This cannot be instantly ahead of the dam
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and may sometimes be several kilometres or further downstream, having a not insignificant

effect on the river system in that zone.

2.3.6. Biomass Power

Biomass power uses the biomasses to generate biogas and the generated biogas is utilized
as fuel in a biomass generator (see Figure 2.20) (Das, 2009). The used biomass comprises
energy crops and wastes, like forest residues and a scope of other agricultural and industrial
produces. Currently, biomass is becoming a more attractive system of global renewable
energy representing a higher level for increasing the share of the world's electrical capacity
(Rahman et al., 2015). Actually, the world's needs for renewable energy are increasing, it is to
be expected that a new conventional thermal energy production plant from biomass will be
deployed. Drax in North Yorkshire demonstrates the successful feasibility of the large-scale
biomass power, showing in 2016 that it was capable to provide nearly 2GW of power from

biomass alone (Mason et al, 2014).
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Figure 2.20: Generation of Electricity using Biomass (Sugar mill in Nepal) (Adhikari, 2020)

The process begins all on board by storing the waste and then transferred it in the boiler where
is burned and produce heat. Under high heat temperatures, the water in the boiler becomes
high pressure steam which is utilized to turn the turbine and the turbine drives the generator
(Sharma & Goyal, 2015). The generator produces electricity which circulates in the network.
The use of biomass power plant is very beneficial and can present many advantages such as

less expensive, the environmental protection and climate change (Adhikari, 2020).



2.3.7. Micro-Turbines

Micro-turbine refers to an energy generator with a capacity ranging from 15 to 300 kW. lIts
operating mode is based on an opened cycle gas turbine (Hamilton, 2011). For small-scale
distributed power production, micro-turbine generators have been presenting suitable
perspectives. They present a good reliability factor and an easier design (high potentiality
according to large-scale and low-cost manufacturing). Despite the fact that micro-turbines are
not feasible to furnish power during peak periods this based on the results, but they can at
least meet peak demand and ameliorate the reliability of power supply as they may furnish

standby abilities if the power grid fails (Nascimento et al., 2013).
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Figure 2.21: Micro-turbine-using CHP System Schematic (Darrow et al, 2015)

The block graphic of the principal components of the micro-turbine including the combination
of compressor/turbine system, combustor, generator, CHP heat exchanger and recuperator is
shown in Figure 2.21. The combined compressor-turbine unit constitute the core of the micro-
turbine (or turbo-compressor) (Darrow et al., 2015). The micro-turbine generates electric
power through a rotating high speed generator on a single shaft of the turbo-compressor either
via a speed reducer, which drives a conventional 3600 rpm generator. The recuperator is a
heat exchanger using the hot exhausting gases from the turbine (approximately 1,200°F) to
preheat the compressed air (approximately 300°F) entering to the combustion chamber, thus
decreasing the needed fuel that heats the compressed air to a required turbine inlet
temperature (Padhi, 2010). Micro-turbines provide a supplementary heat exchanger package

for the CHP operating mode.
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2.3.8. Diesel Generators

A diesel generator (also known as genset) is constituted of two components an internal
combustion engine and a synchronous generator both coupled on a shaft (see Figure 2.22).
The diesel generator is extensively used as a commercially and industrially back-up either an
emergency power system. They are also widely used for the new zones that present a difficulty

to be supplied by the utility grid or expensive to implement (Krishnamurthy et al, 2018).
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Figure 2.22: Schematic diagram of a diesel generator set (Jones & Chowdhury, 2008)
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CHAPTER 3: BACK GROUND ON ENERGY STORAGE SYSTEMS

3.1. Energy storage Systems

A summary based on energy storage systems (ESSs), a review on the basic power electronics
converters and control used for batteries charging and discharging are discussed. ESSs have

a significant impact in a micro-grid, they serve to (Chakraborty & Simdes, 2019):

- Balance power despite load fluctuations and other transients.

- Provide crossing capability and allow distributed generation systems to function
as units that can be routed.

- Provide initial power for a transition between grid-connected or/from island-based
micro-grid operations.

- Ensure uninterrupted power supply.

- Contribute in increasing the stability of the micro-network and improving power
quality (Rai et al., 2015).

In general, energy may be stored into four distinct forms like:

- Chemicals (battery and fuel cell),

- Electrical (superconducting magnetic energy storage (SMES) and super or ultra-
capacitor),

- Mechanical (pumped hydro, flywheels and compressed air energy storage (CAES)
systems),

- Thermal (superheated oil or molten salts).

The most popularly energy storage devices used for micro-grids include batteries, flywheels,

fuel cells and super-capacitors (Ustun et al., 2011).

3.1.1. Flywheel

Flywheel energy storage comprises a flywheel, bearings set, an electrical motor/generator, a
power electronic converter, a vacuum chamber and containment or housing as illustrated in
Figure 3.1. Energy is stored using accelerating rotor at a high-speed rate and stored in the
system as kinetic energy. The stored energy in the flywheel energy storage system is generally
taken from a given electrical source coming from the network either some other electrical
energy sources. The common flywheel energy storage has the potential of charging and
discharging faster without the influence of the variation of their operating temperature (Bolund,
Bernhoff, & Leijon, 2017; Mousavi et al., 2017).
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Figure 3.1: Flywheel energy storage advice (Amiryar & Pullen, 2017)

The electric machine or the incorporated motor / generator is coupled to the flywheel to allow
the conversion of energy and the flywheel charging operation. The electric machine acts in two
different ways. Firstly, as a motor, this operation allows to charge the flywheel by an
acceleration movement and extracts an electrical energy from the source. Secondly, the same
machine, reacts as a generator by extracting the stored energy on the flywheel and thus, during

discharge the flywheel is slowed down (Amiryar & Pullen, 2017).

There are different electrical machines utilized in flywheel energy storage system, where the
most popular include permanent magnet (PM) machine, induction machine (IM) and variable
reluctant machine (VRM). The selection of the switching devices for the power converters
depends on their operational characteristics and application. The back to back (BTB) or AC-
DC-AC configuration is the power converters configuration largely used in FESS and it is

connected to a DC link capacitor (Arani et al, 2017).

3.1.2. Fuel Cell

To generate electricity from fuel cell requires the combination of hydrogen and oxygen, heat,
and water. It converts the energy generated by a chemical reaction in utilizable DC electric
power like a battery. However, by providing fuel (hydrogen), it allows the fuel cell to generate
electricity, without ever losing its charge (Yahyaoui et al, 2018). The best operation of fuel cells
is with pure hydrogen and is considered for best utilization in combustion engines and fuel cell

electric systems (Roca et al, 2019).
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Figure 3.2: Schematic representation of a fuel cell (Sonian, 2017)

Fuel cell as illustrated in Figure 3.2, has as goal to generate an electrical current, which could
be oriented outside the cell to accomplish a task, like supplying an electric motor, lighting a
lightbulb. Due to the electricity nature, the generated current goes back to the fuel cell, to
complete an electrical circuit. Various types of fuel cells exist, and they operate a little

differently depending on the technology of each other (Sonian, 2017).
3.1.3. Super-capacitors

Super-capacitors refer to electrochemical energy storage units having great characteristics
such as (high-power density, very low internal resistance, high cycle lifetime and cycling
efficiency). The energy is stored through physical separation of positive and negative charges.
The system uses two parallel plates separated by an insulating material to store these charges
as shown in Figure 3.3 (Shi et al., 2014). They utilised polarized liquid layers placed between
conductive ionic electrolytes and a conductive electrode allow to augment the capacitance.
Their most significant characteristic is comparatively the low state of charge depending on the
maximum voltage of 2.5 V and they are more efficient (approximately 95%) (Amrouche et al,
2016). Their output power is lower compared to electrolytic capacitors and it could achieve up
to 10 kW/kg (Raza et al., 2018).
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Figure 3.3: Schematic diagram of super-capacitors (Shi et al., 2014)
3.1.4. Secondary batteries

Secondary either rechargeable batteries are the oldest energy storage; they are
electrochemical devices capable to generate energy (electrical energy), in which the
electrochemical reactions allow to produce chemical energy to generate electrical energy.
These electrochemical reactions are reversible and this reversibility enables the batteries to
recharge by applying a voltage to their electrodes (Ibrahim et al., 2008). Figure 3.4 depicted

the applications of commonly used batteries for grid energy storage applications.
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Figure 3.4: Schematic diagram for a battery system operation (Akinyele et al, 2017)

The battery system consists of electrochemical cells wired in series. Each electrochemical cell
comprises an anode, a cathode and an electrolyte (Luo et al, 2015). The electrochemical cell
can operate in both conditions converting electrical energy into chemical energy or by using

electrochemical reactions to produce electrical energy (Akinyele et al., 2017).
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The most storage systems utilized are the batteries due to their easy design and manufacture
(“Lead-Acid Batter. Technol.,” 2015). This is also due to their lower cycling capacity
comparatively to other energy storage systems using commonly for power quality objectives.
Divers types of batteries are available in the market; the best-known ones are lead-acid

batteries, nickel-based batteries, lithium-ion batteries, redox batteries (Achkari & Fadar, 2018).

3.1.4.1. Lead Acid Battery

The energy density of this type of battery is around 30 to 50 Wh/kg, with a 2V per cell, it is
principally utilized for the vehicle engines starting and emergency power supplies (Azzollini et
al., 2018). Its cost per cycle is lower of about US $ 0.10. The benefits of lead acid batteries are
(Minani-ku, 2016):

e Cheap,
e Low self-discharge,

e High tolerance at the temperature of charging and discharging.
In contrary, it presents as disadvantages:

e Low energy density,
e Limited lifespan,

e Slow charge.

3.1.4.2. Nickel-Based Battery

This battery includes two technologies, which are nickel-metal hybrid (NiMH) battery and
nickel-cadmium (NiCd) battery. Nickel-metal hydride batteries were the choice of electric
vehicles in the 1990s, they present many benefits like a high self-discharge rate, a low voltage
per cell (1,2V). These battery technologies have a good memory including nickel-cadmium
rechargeable batteries as well as metal-nickel hydride, which allows to support less load
(Vazquez et al., 2010). This type of battery presents a low cost per cycle of approximately US
$ 0.12. Other characteristics such as rapid charge time of about 1 to 2 h, slow discharge time
of about 15 h as well as a maximum discharge rate of 10 ° C. Moreover, nickel-cadmium (NiCd)
battery offers the lowest cost per cycle (about US $ 0.04) and a longer lifetime cycle than
nickel-metal hybrid (about 2,000 cycles). It has a disadvantage of requiring a complex recycling
more important memory effect. This type of battery has been progressively substituted by

nickel-metal hybrid battery and Lithium-ion battery (Lansburg & Mcdowall, 2016).
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3.1.4.3. NaS Battery

This battery technology is composed of liquid sulphur and liquid sodium. The electrolyte allows
only positive sodium ions to pass across, which are going to be combined with sulphur to

compose sodium polysulphides as shown in equation (3-1):
2Na + 4S = Na?s* (3-1)

The operation system of this battery is reversible. For the discharge mode, the positive sodium
ions circulate in the electrolyte in the external circuit of the battery and produce a voltage of
approximately 2V. During the charge operation, the sodium polysulphides are induced to return
the positive sodium ions across the electrolyte to create a recombination of electrons and to
form elemental sodium. To allow this process, the battery should be kept at a temperature of
around 300° C. This battery technology is characterized by its efficiency (approximately 89%)
and has a greater pulse power capacity, which is 6 times than their continuous rate (30s). The
biggest NaS unit is in Japan it has a capacity of 6 MW. Many other systems have been
developed like the combined power quality and the advanced shaving applications in the

United States of America market.

3.1.4.4. Lithium-ion Battery

The common use of Lithium-ion (Li-ion) battery is in laptops, mobile phones and some other
portative electronic appliances. Li-ion battery technologies are generally used in many
applications because of their energy density capacity and in applications that needed a good
lightness, which represent major preoccupations (Karfopoulos et al., 2016). The lithium-ion
battery offers some benéefits like high energy density, long lifetime as well as low self-discharge
rate. According to these aspects, this battery is classified as the best battery for electric
vehicles. However, its disadvantages include a high cost and a protection exigency for limiting

the voltage and current (Daniel et al., 2018).

Li-ion batteries can be found in 5 diverse types depending on cathode materials. These types
include Li-Cobalt (LCO), Li-Manganese (LMO), Li-Phosphate (LFP), Lithium-Nickel
Manganese-Cobalt (NMC), Lithium Nickel-Cobalt Aluminium (NCA) and Li-Titanite batteries
(LTO). The fast response characteristics, high power density and energy, and good scale
ability (from 1kW to 100MW) in divers applications allow to consider Li-ion battery as a more
reliable energy storage system comparatively to other technologies in micro-grid application
(Miao et al., 2019).
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3.1.4.5. Metal-air Battery

These batteries are characterized as the most conventional technology. They are generally
known as the cheapest technology that exists. They present a harmless characteristic to the
environment. The principal disadvantage of these batteries is the difficulty and inefficiency of
recharging them electrically; few developers propose a rechargeable electric battery (Han et
al., 2018). The lifespan of rechargeable metal air batteries in improvement is only a few 100
cycles and around 50% of efficiency. The anodes of these batteries are designed with high
energy density metals, which is another advantage. The electrolytes are generally constituted
of a good conductor of OH- ions like KOH (Wang et al., 2019). The electrolyte can be in liquid
either solid polymer membrane saturated with KOH. The electric recharging function of metal-
air batteries has to be further improved, which could allow them to be compared with other

rechargeable battery technologies.

3.1.4.6. Redox Flow Battery

Flow battery is recent technology also known as redox flow battery (RFB). It has a cell voltage
from 1.15V to 1.55V. These batteries have been designed to manage intense energy
applications that need many deep charging / discharging cycles (over 10,000 cycles). Compact
batteries have not been designed to provide a discharge cycle of several hours, especially for
1000 deep discharge cycles and this characteristic is considered as a benefit of these
batteries. A large quantity of battery cells would be required for big applications such as 100
MW over 10 hours of discharge. In addition, Redox flow batteries may quickly respond to the
changing in load either input, and these batteries present a single capability to separate power
from energy (Hiksas & Aninditio, 2017).

The size of the reactor enables to determine this battery output power, whereas the energy
can be defined by the quantity and concentration of reactants including the size of the reagent
reservoir. According to this characteristic, redox flow batteries present a capability to generate
a large power ranging to energy ratios. The fact that the storage of the active reactants is made
in separated tanks, the discharge of the batteries is inherently safer than conventional
batteries, which is an advantage (Sanchez-Diez et al., 2021). All of these aspects render the
redox flow battery comparatively adapted for large energy storage systems having a great
number of deep discharge cycles (Chalamala et al., 2014). However, RFBs have a lower
energy density (25 to 35 W/kg), a medium power density and their system is more complex
than conventional batteries. Above all, however, these batteries have very high prices. At

present, their cost is comparatively the same to a Li-ion battery (about $500/kWh).
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3.1.5. Battery Energy Storage System Control

3.1.5.1. Basic Operation Modes of the Distributed Battery Energy Storage Systems

When the micro-grid provides a sufficient amount of input power as required by the load, the
excess of production goes to supply the battery, at this moment; the battery operates in
charging mode. During the charging process, to quickly reach the full charge state, the battery
energy storage systems are loaded with maximum input power. If the battery energy storage
systems (BESSs) are totally charged, it is unplugged and waiting for the discharge process.

In the case where the supplied energy from the renewable sources could not meet the load,
the surplus is provided by the battery energy storage systems (BESSs), which go into the
discharge mode and become power sources. The discharge process requires the balancing of
each battery SoC and output power. The suggested SoC balancing method based on the droop
control is generally used. Based on this method, the power load is distributed according to the

SoC. During this process, the SoC in each battery is equal (Xiaonan et al., 2013).

3.6. Power electronics converters for batteries

The basic power electronics converters used for batteries charging and discharging consists
of buck converter, boost converter, buck-boost converter, Cuk converter and bidirectional
converter, which constitute non-insulated converters. Non-insulated converters are cheap and
often utilized for small voltage conversion; they cannot offer protection for high input voltages.
Besides these converters, there are also isolated converters such as forward converter, fly

back converter, push-pull converter, and half bridge converter (Ali et al., 2014).

3.6.1. Non-Isolated Converters
3.6.1.1. Buck converter

This converter helps to decrease an input voltage to a lower output voltage. During the
switching cycle, the input voltage Vin is supposed to remain constant. The inductor current I,
and the output voltage Vo do not significantly change during one switching cycle due to the
sufficiently large inductor L and capacitor C (Ghosh et al., 2018). The resistor R represents the
load (Figure 3.5).

The inductor current in steady state operation is always supposed to be greater than zero. The
activation of the metal oxide semiconductor field effect transistor (MOSFET) depends on the
control signal for Ton =DTs, where D is the steady-state duty cycle. Based on this period Va=Vn
and I[;,=I.. The inductor current starts to flow via the diode D; when the MOSFET is turned off,

which conduces to Va=0 as well as In=0. As the average voltage through the Inductor is equal
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to zero, V=0 (inductor voltage), thus, the average output voltage is written as follows
(Jayaswal & Palwalia, 2018):

V, =V, = D.Viy (3-2)

- -

Figure 3.5: Buck converter circuit (Baharudin et al., 2018)

The average current across the capacitor C, 1c=0, therefore, I. =lo and the input current is
illustrated by the equation (3-3):

IIN = D. IO (3'3)

The equations below, present the instantaneous inductor current and capacitor voltage values
during switching cycle:

When the MOSFET is on:

i, =Vin— Vo (3-4)
Vo=l - (3-5)

When the MOSFET is off:
ip =V, (3-6)
%=h—% (3-7)

I represents the current across the inductor, V¢ represents the capacitor output voltage, V, is

the converter output voltage and Vyy is the input voltage.
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3.6.1.2. Boost converter

A common boost converter (see Figure 3.6) allows stepping up an input voltage to a higher

output voltage.

Figure 3.6: Boost converter circuit (Mohan, Undeland, & Robbins, 2003)

When the MOSFET is activated, according to a control signal, at this time the diode D1 is off,
and the inductor current augments because of the positive voltage through it. The inductor
current begins flowing across the diode D1 when the MOSFET is turned off, and its magnitude
decreases (Ghanbari & Hosseini, 2008). The instantaneous values of the variables during the

activation and deactivation periods are presented below:

When the MOSFET is on:

On-State

Pt

Figure 3.7: Booster converter on state (Hvljq et al., 2017)

Vy=0 (3-8)

i, = Vin (3-9)
v

V=12 (3-10)

When the MOSFET is off:
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Off-State
Y o S

O, [ N

Figure 3.8: Booster converter off state (Hvljq et al., 2017)

Vy =V, (3-11)
iL = Vin (3-12)
.V
VC =1 — R_z (3-13)

With V=0 (inductor voltage), the average pole A voltage is given as:
Va=Vi, = (1 —=D)V, (3-14)

Further, by assuming Ic=0, obtaining the steady-state conversion ratios for the boost converter

can be given by:

in _ 1 i
T — 1D (3-16)

From equations (3-15) and (3-16), it is assumed that the output voltage be always higher than
the input voltage, and the output current be always lower than the input current by the same

ratio. D represents the buck converter duty ratio.

3.6.1.3. Buck boost converter

As illustrated below (Figure 3.9), this type of converter has two ways of operating; in one way
it gives a possibility to step down the input voltage, another way it steps up the input voltage

or vice versa (Mohan et al., 2013).
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Figure 3.9: Buck boost converter circuit (Mohan et al., 2013)

Equation (3-17) gives the relationship between the input voltage and output voltage of this

converter:
Vo =V4.D/ (1 -D)V, (3-17)

During the activated state, the switch is on; there is isolation between the load, the inductor
and input side. The load is fed from the energy stored by the capacitor in the off state. When
the switch is in deactivated state, the input side is isolated from the circuit while the inductor

supply energy to the capacitor and the load (De Sousa et al., 2015).
3.6.1.4. Cuk converter

The Cuk converter (Figure 3.10), refers to a DC / DC converter and its output voltage may be
greater either lower than its input voltage amplitude. This converter is fundamentally a
combination of boost and buck converters (Han et al., 2015). The Cuk converter is generally
used to generate a different polarity output voltage. This means that the output voltage
amplitude can be larger or smaller than the input voltage, and there is an inverse output
polarity. The input inductor behaves as a dc supply filter that is used to prevent high harmonic

current. The capacitor allows the transfer of energy to the Cuk converter (liman et al., 2019).

i + I\? — iz
— 00
L, C, L,
4+

Owv sljnl_[cﬂ D, Com= RL§

Figure 3.10: Circuit diagram of Cuk converter (Han et al., 2015)
3.6.1.5. DC-to-DC Bidirectional converter

In DC-to-DC Bidirectional converter (Figure 3.11), the power flows into two directions as it
operates in two modes, which are the buck mode and the boost mode. This converter is mostly

utilized to charge and discharge the battery relating on the battery voltage and load voltage (or
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grid voltage) respectively (Fong, et al., 2016). In this type of converter, the inductor serves as
the energy transfer element. The inductor charges via source side and actives switch in each
switching cycle depending on the time Ton=DT, with T=1/f,, as the switching period and D
represents the duty cycle. The absorbed energy discharges through the load during Torr = (1
- D)T (Karshenas & Daneshpajooh, 2011;Mohan et al., 2003).

BusA ¢ 2 BusB
*1 I L,
VAJ_ Ld(‘ lVB
T | 4

Figure 3.11: Bidirectional buck boost converter (Karshenas & Daneshpajooh, 2011)

3.6.2. Isolated Converters

Isolated converters are used isolating floating connections between input and output, its circuit

is more complex and require higher number of components.
3.6.2.1. Forward converter

This converter derived from buck converter and using a transformer to raise or diminish the
output voltage depending on the ratio of the transformer. This converter cannot store energy
during switching conduction phase. The Figure 3.12 illustrates the scheme diagram of a

forward converter.

Figure 3.12: Forward converter

The above figure represents the forward converter schematic diagram, with V; and V,
representing the converter input and output voltages, D, and D, represent the diodes, L is the
inductor, C is the output capacitor, R is the load resistor, and Q is the transistor that controls
the converter circuit operation in diverse modes. Vi appears through the primary side when the
transistor is activated, by after generating. The switching states area of the inductor voltage

must be equal; this area is used to calculate duty cycle.

(Vi = Vo) DT, = ~(=Vo) (1 - D) (3-18)
p
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Yo= sy (3-19)
Vi Np

Where N,, and N represent the turns of primary and secondary power windings, D refers to
the duty cycle. This converter is a simple and mostly used converter. The forward converter
has the ability to deliver multiple outputs through an isolation transformer, which is an
advantage (Mcfowland, 2012). Forward converter provides non-pulsating current loading and

is well suited for high output current applications.

3.6.2.2. Fly back converter

This converter refers to a power supply converter using a coupled inductor; this converter is
comparable to a buck boost converter. Fly back converters are mostly used for low power
applications, where the output voltage must be insulated from the input voltage and it has a
simple circuit than other converters (Rgpv, 2014). The circuit can deliver single or multiple
independent output voltages and may work over a large range of input voltage variations (Das

et al,, 2018). The Figure 3.13 illustrates the circuit of the fly back converter.

< T

O =k Ty
E '

Figure 3.13: Fly back converter (Das et al., 2018)

When there is no current flowing across an inductor the energy stored is released by a sudden
terminal voltage. Fly back converter transfers energy to the secondary side when the primary
switch is deactivated. The diode is used to rectify the voltage while the capacitor smoothens

the rectified in the secondary (Ponzo et al., 2019).
3.6.2.3. Push-pull converter

This converter (Figure 3.14) refers to a DC-DC converter using a transformer to convert the
supplied DC power voltage. In this converter, the current between the two switches allows to
produce power at the transformer primary side. Push pull converters are effective in high power

applications and create less noise on the board (Petrocelli, 2018).
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Figure 3.14: Push-pull type converter circuit (Petrocelli, 2018)

In addition, these converters are part of forward converter family and have two switching
devices to control the energy flow through the transformer. The two switches must not be on
at the same time. If the transformer saturates, it will destroy both switching devices. This
means that the conduction times of the switching devices should be equal (Chandrasekaran
& Karthikeyan, 2019).

3.6.2.4. Half bridge converter

Half bridge converter (see Figure 3.15) is similar to a push pull converter, but there is no
requirement of a middle-tapped transformer. This converter produces more or lower output
voltage than input voltage and have high output power. These converters are used in high

power applications and their circuit is complex and uses two switches (Deng, 2015).

] - Dl L
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Figure 3.15: Circuit diagram of a half bridge converter (Deng, 2005)

There is no gap of magnetic field in these converters and magnetic cores are small which are
advantages for this converter. It operates at half of the supply, which is a disadvantage, and it

is not suitable for current mode control (Zhao et al., 2020).
3.7. Power electronics converters control

Figure 3.16 illustrates the hierarchical control architecture including the primary, secondary
and tertiary controls. The primary control deals with basic power sharing control and

current/voltage regulations, while the ssecondary control is higher than the primary level and
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handles voltage compensation and improved sharing performance. Lastly, the tertiary control
concentrates on the power management, energy management and economic dispatch
(Bidram & Davoudi, 2012).

= ﬁv |

) Primary ;<, 1
r Control ~ Microgrid | ‘
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Control Network |
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Tertiary N 1 ) Primary r
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]
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Microgrid 2

Microgrid N

Main Grid

Figure 3.16: Hierarchical control architecture (Olivares et al., 2014)

3.7.1. Primary Control

The primary control includes inner loops (current / voltage regulation) and droop control (basic

power sharing) depending on the control in the power converters.

3.7.1.1. Inner loop
A. AC to DC converter

Considering for instance a three-phase voltage source converter (VSC), centred on the vector
control, the inner loop regulates the AC current in a synchronous rotating machine. Thus, the
current is adjusted by the linear controllers based on a defined range and generate the required
voltage, after the transformation of the measured currents of the synchronous rotating
machine. Thus, pulse-width modulation (PWM) is utilised to reversely convert the voltage

demands in three-phase modulation indices (Olivares et al., 2014).

B. DC to DC converter

There exist different types of DC to DC converters, however, their control can be classified in
two ways, generally voltage and current controls (power control mode) (Chen et al., 2016).
DC-to-DC converters voltage control modes define the reference voltage and operate like a

controllable voltage source. Generally, the converters operating in current / power control
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mode act like a controllable current / power source. To meet reference condition, the current /

power output must be adjusted.

3.7.1.2. Droop control

The voltage droop control is largely admitted because it does not depend on the
communication lines. Frequently, "droop control" is achieved by including a "virtual resistance"
to the existing system. The operating conditions do not affect the virtual resistance, which
represents an ideal value, like temperature. There is no possibility to produce real power loss,
the variability of the real resistance value can be modified by the environmental factors and
this would create "real" power losses that should be minimized. The droop control has been
used in alternative current systems (Guerrero et al., 2013). The active power can be defined
by the power angle d in a dominant inductive distribution grid, dynamically controlled by the
frequency, and the alternating voltage V generally determines the reactive power. Moreover,

the droop concept was successfully used in DC systems.

3.7.2. Secondary control

The reason of introducing secondary control in the micro-grid is to keep the bus voltage of a
droop-controlled DC micro-grid at a nominal value that defines the reference on the primary
control, which keeps the controlled parameter in an optimum range (Dragicevic et al., 2014).
The Figure 3.17 illustrates the operating principle of secondary control in DC micro-grids. As it
is shown, by implementing the main control, the operating point of the system goes from V/,
(no-load voltage) to OP1 in load conditions i4.; and from V, to OP2 respectively within the load
conditions i4.,. The functioning changes from OP1 to OP1_new and OP2 to OP2 new, as the

system always operates at the rated voltage level after activating the secondary command.

Primary ( )I;l_“'k—._*‘il Secondary

by la= fa

Figure 3.17: Secondary control’s principle on DC voltage restoration in DC Micro-Grids
(Naeinian, 2016)
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Thus, in contrast to the voltage / frequency regulation in the AC micro-grids, the main role of
the secondary control is to eliminate the voltage difference as well as ameliorate power quality.
According to the communication link, secondary control can be put into practice with a

centralised, distributed and decentralised control policy (Sahooet al., 2018).

3.7.3. Tertiary control

The principal function of tertiary control is to manage power and energy under specified
targets, such as energy storage balance, reduction of energy flow losses and minimised
operating costs. In the tertiary control, the control of the power flow may be improved by
regulating the frequency (phase change in steady state) and the voltage amplitude in the
micro-grid, when it operates in grid connection mode. In autonomous operating mode, the
tertiary control references have to be disconnected to avoid voltage instabilities (Meng et al.,
2017).

The role of tertiary control is to deal with the energy and power management including local
controls. The energy management involves making decisions for the operation of renewable
energy systems with uptime from several hours to several days, while the power management
acts to ensure suitable operation of a micro-grid by behaving on the prompt operating
principles towards some ideal parameters like voltage, current, power, and frequency (Rajesh
et al., 2017).
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CHAPTER 4: SYSTEM DESCRIPTION AND MODELLING
4.1. Introduction

The following chapter treats the description of the isolated DC micro-grid modelling. The
designed and developed model includes a PV array, a Wind turbine, a Biomass generator and
two battery banks designed for remote cities, a DC-DC converter. The developed energy
management system control algorithm is also presented. The remaining part of the chapter is
classified as following: System description of the design and developed DC micro-grid is
presented in section 4.2. Section 4.3, presents the Modelling of main components of the

system. In section 4.4, the Energy Management System Control algorithm is presented.
4.2. System Description

The DC micro-grid architecture developed was applied to power a small town. Different loads
such as commercial load, industrial load, and residential load can be found in a town. The
capacity of the power generation for each DG source is 210kWp for solar, 150 kW for wind
energy and 150 kW for biomass, 576 kWh for battery bank. The generated power from the PV
and battery bank are DC, but for wind and biomass is AC, therefore, the generated power from
the AC sources are converted in DC by using a rectifier. The DC bus voltage for the system is
380 Vdc and the battery voltage is 240V.

To reduce voltage fluctuation, each DG source is equipped with a converter. Thus, battery is
used to assure power supply to consumers without any interruption. For this developed model,
two battery banks are considered. These battery banks do not operate at the same time. One
can start by operating while another can be in standby. Another battery bank can be used

when available power in distributed generation is not sufficient to supply the load.

4.2.1. Load Profile of the System

The DC micro-grid feeds the load directly by 380Vdc and three types of loads are considered
commercial load, industrial load and residential load. The power system grid comprises
production, transmission, and distribution. Based on production, the entire produced power,
such as PV, Wind and biomass, are connected in parallel. In the stage of the transmission
grid, the industrial load, which is the water treatment plant and commercial as well as domestic
consumers are connected to the 380Vdc distribution bus. Battery banks will be used as back

up during peak demands and variations in the power produced by renewable sources.

The load profile was selected from a publication of the US Department of energy, which

contains the average of the DC power devices that can be found in a home and an office in a
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Town. According to the Table 4.1 and Table 4.2 below, the load demand per day is generally

low if all of appliances operate. Figure 4.1 shows the block diagram of the developed system.

PV Wind Biomass Battery 1
| [ |
[acioc | [acioc | [ verve |
| 380Vdce =I | l l l I DC bus |
| bc/pc | [ pcipc | . bpcmc |
[ |
Battery 2
Industrial Residential
Load Load
Figure 4.1: Block diagram of the developed system
Table 4.1: Type of appliances used in each house
C Lamp 9 12 9
 Heatr 1 12 600
 Sandwich Maker 1 24 550
| Refrigerator 1 24 72
| Coffee Maker 1 12 135
 Washing Machine 1 24 70
 byer 1 24 2100
B 2 24 %
N 1 12 150
v 2 12 30
| WaterHeater 1 12 660
. Microwave 1 12 600
~ Computer 1 12 170

Table 4.2: Type of appliances used in each office

C Lame 10 24 9%
 LpTop 5 12 325
 printer 5 12 450
 Desktop computer 2 12 300
~ CeilngFan 2 12 40
 AirConditioner 3 24 2400
 Coffee Maker 1 12 135
 Heater 3 12 1800
 Wicrowave 1 12 600
© Refrigerator 1 24 72
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Every house in the Town requires 5.29 kW / day peak power, 6.21 kW / day for each office
and a limit of 50 houses are considered in the study, 10 offices are considered and the
industrial load which is a water treatment plant needs 180 kW. Thereby, the total power
required to supply the city is 507 kW. The Table 4.3 provides the summary of all the
values/variables for the developed DC micro-grid.

Table 4.3: Required Values for the developed DC Micro-Grid

System Capacity Number of Unit Total
PV power 210kWp 1 210kWp
Wind energy 150kW 1 150kW
Biomass energy 150kW 1 150kW
Battery storage 288kWh 2 576kWh
Residential load (house) 5.29kW / day 50 265kW
Commercial load (Office) 6.21kW / day 10 62.1kW
Industrial load 180kW / day 1 180kW

4.2.2. Operation of the Designed and Developed System

Energy storage systems ensure a proper operation of micro-grids because of the irregular form
of renewable sources. A proper operation of energy storage systems allows to consider micro-
grid as an excellent, reliable and less expensive system for producing energy. For the use of
battery system, the rapid discharge either premature charge of a given battery in the battery
bank would reduce the life of the storage system and if this is not controlled, it would reduce

the credibility of the micro-grids.

Furthermore, in the case of the solar and wind, since these sources are not permanent, the
energy produced by these sources must be stored to be reused during peak demand. The
work is concentrated on the battery energy management. The system is made up of two battery
banks and these two battery banks do not operate at the same time, it will depend on the

demand of the network.

In this work, several aspects will be considered for the management of battery energy such as
in the case where there is equality of production, an abundance of production and finally a low
production. The system will be founded on the individual monitoring of charging and
discharging of each battery in the bank finally to balance their state of charge and make the

system efficient.

4.3. Mathematical Modelling of Main Components of the Developed DC Micro-Grid
System

The concern in this point is to design a dynamic model of the developed DC micro-grid, which

helps to verify the justness of the designed controller. The MATLAB/Simulink mathematical
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modules have been used to build the DC micro-grid model including battery system, which use
the component equivalent circuits. Four diverse power supply are considered in this model

(PV, wind, biomass, and battery). A generator is considered for the case of biomass.

4.3.1. Modelling of Solar Power

The aim of the modelling is to penetrate the characteristics of a system, in the case of solar
power two parameters are considered, precisely the irradiation and ambient temperature.
Many research documentations have shown that a PV model could be complex depending on

the systems.

As it can be seen in Equation (4-1), the PV output power depends on the solar irradiation and

the area of PV module (Gunasekaran et al., 2018).
Psolar = rlgirA (4-1)

Where, n, is the production efficiency, i, radiation of solar in w/m? and A the area. The

Equation (4-2) represents the PV efficiency.

Nee = I]r'efrlce[1 - B(Tcell - Tcellref)] (4-2)

Where, 1., represents the production efficiency, p = Temperature coefficient C ((0.004—
0.006)/C), n,er is the reference module efficiency, T : reference cell temperature, and the

temperature ( T; ), which is given as follows:

NOCT-20
800

Te="T,+| | Ge (4-3)

With T representing the cell absolute temperature in Kelvin, T,=temperature in °C, NOCT is
the nominal operating cell temperature in °C; G, is the solar irradiation in tilted module (W/m?).
Total radiation in the solar cell including normal and partial solar radiations is determined by

the following equation.
Ty = IpRp + (Ip + IR, (4-4)

With T; the total irradiation (kW/m?), I, is the diode current (A), Rp is the diode internal
resistance (Q), R, is the referred cell resistance (Q) and (I, + I4) represent the total cell

current (A).
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4.3.1.1. Photovoltaic module modelling

The output characteristic of a PV array is determined by cell temperature, solar irradiation and
output voltage. The operation mode of a PV either solar cell resembles to the PN junction diode
operation, which converts light energy in electricity by the photovoltaic effect (Mandelli et al.,
2016). Figure 4.2 represents the configuration of a single PV cell. Based on this representation,
solar irradiance is described through a current source I,,, and (diode current 14, output current
L,,, series resistance Rg, parallel resistance R,, and output voltage 1},,) represent the

remaining circuit parameters of the configuration.

R.S‘ - I,
ANN—2 7
1pn : T
A A Rp | S
In l

Figure 4.2: A single equivalent circuit model of a PV cell (Azzouzi et al., 2016)

The output current is given by the following formula:

I=Np [ln — 1 (% —1)] (4-5)
Igs = Iy = [ﬁ - %] (4-6)

Where, N, and Ny are numbers of cell connected in parallel and series, K is Boltzmann's
constant, 1.380658e—23 J/K, A ideal diode factor between 1 and 5, IRy: inverse cell current
saturation at T, Igg represents the solar cell reverses saturation current and I, represents the

reverse saturation current at T,..

S
Iph = [Iscr +Ki(T—T,) 100 (4-7)

Where, I, represents the short circuit current at the base temperature of the cell, K; the
coefficient of the short circuit temperature, T, is the referred cell temperature, S: solar radiation
in (w/m?). According to this configuration, the shunt resistance in parallel to the ideal shunt

diode and the |-V characteristics are described by the following equation:
[=1In—1Ip (4-8)

The Equation (4-9) below, gives the mathematical model of the PV array voltage-current

characteristic:
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q(V+IRs) ] _ V+IRg (4-9)

[=Ion = 1o [exp AKT Rsn

Where, I,, refers to the Irradiance current (A), I, is the diode current (A), I, represents
reverse saturation current (A), Rirepresents series resistance (Q), Ry, is the shunt resistance
(Q), Iis the cell current (A), q is the charge of electron, 1.60217733e—19 Coulomb (Cb) and V
is the cell voltage. The formula below, shows the PV cell output current, which uses a single

diode model:

V+IRg
Rsh

[=1Ipy —Ip; — (4-10)
The simplified PV system allows to obtain the open circuit voltage and the PV module
maximum power. The voltage and power with series resistance values (Ry) is determined by

fill factor (Gunasekaran et al., 2018).

Voc
Isc

FF=FFOI1— RS]
(4-11)
FF. — Vocln(Vpc+0.72)
0 1+Vye

Pax = FF X V. X 1

P — Voc—ln(V0c+O.72) % (1 _ ISCXRS) % VOCO % (E)S % I (E)(X (4_12)
max 1+Voc Voc 1+BlnG—G? T S0

(o]

Where,
e FF is the fill factor of the ideal PV module without resistive effects;

¢ V,. normalised value of the open circuit voltage to thermal voltage.

The PV modules enable to obtain the power conversion in the PV system. The PV performance
ability depends on the temperature and its characteristic curves (power &V, | curves) under
standard test condition as illustrated in Figure 4.4. Depending on the nominal value of a solar
cell, the entire power demands cannot be produced by a single solar cell (Kinhekar et al.,
2016). Therefore, multiple PV arrays are generally connected in series and parallel as
illustrated in Figure 4.3 this scaling up to produce the expected PV power. Scaling up PV

modules provides voltage and current and is represented by the following equation:

Np
IA = E
VA = NS X VM (4-13)

PA:FFXVAXIA
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With,
e [, and V, are PV cell voltage and current.
e Iy and Vy are PV module voltage and current.

e P, and P, are PV cell power and module power.

Np Fpy, <¢> Ns< é l} R, V4
N

3 ! | =

Figure 4.3: Solar array equivalent circuit (Ravi et al., 2014)

Array type: MEMC Singapore MEMC-P280AMA;
6 series modules; 125 parallel strings
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Figure 4.4: The characteristics curve of Solar Cell (voltage vs. current and power)

4.3.1.2. Photovoltaic System Design

The design requirement is that a 215.4 kW, photovoltaic system delivers 35.9 V4. to the
output. To meet the requirements, the number of modules must be calculated. Thus, the
number of solar panels needed in series is calculated as:

2154

359 6 PV panels

Indeed, the number of panels in series, which must be utilized is estimated to be 6.
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So, the new PV system output voltage is therefore: 6x 35.9 = 215.4 V.. The following formula

determines the PV system output current:
P =VI

210000
Itotal = m = 97493A

The number of solar panels in parallel is calculated as follows:

974.93
7.8

= 125 PV panels

Hence, the new power is determined by the following formula:
Actual power = (125 x 7.8 X 6 X 35.9) = 210.015 kW

Table 4.4: PV modules parameters

Table 4.5: The specification of the PV solar module based on standard test conditions

w
9w
© =
< >

7.8 A

4.3.2. Modelling of Wind Power

This supply power model is characterized by the variation of wind speed with gust and wind

speed (Gunasekaran et al., 2018).

W, = Viy + Vg + Viyr (4-14)

With,

e V, is the base wind velocity (m/s);



eV, the gust wind velocity (m/s);
e V., the ramp wind component (m/s).

The gust speed is expressed as follows:

0t<T,

Vg = {C2 {1 cosm[;=| T, <t < T} (4-15)

0t=>T,

0s<T;
Vo= {C= {2 <s< T} (4-16)

T4—T3
0s=>T,

Where,

e (, represents the maximum gust value,
e (3 the maximum wind speed induced by the ramp,

e T; and T,, ramp start and stop times.

Wind power is given by the following expression:

dW,y
W= Tqr (4-17)
The energy drawn by the wind turbine is determined by the formula below:
1
WW = Va X Ep(vlz - V32)
(4-18)

Vaxgp(Vi2-Vs?)

P, =d P

Where,

W,, is the energy drawn by wind turbine and p the air density. Based on Betz, the maximum

output power wind turbine is given by:
— 16, 3y3 -
Py = 27AR2V (4-19)
The substitution of the value for V;, and V; enable to obtain the Equation (4-19).

Vz = _Vl (4'20)

Vs =2V (4-21)
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The modelling of wind turbine helps to describe the captured output power of the turbine
(Bhayo et al., 2017). The characteristic curve of wind speed is presented on Figure 4.5, which

varies in function of power. The wind power according to a given area is calculated as follows:

Py = >pAW,’ (4-22)
Py = P,C, (4-23)
Cp = %[5 — 0.22p% — 5.6]e~0178 (4-24)

Where,

e s the pitch angle of the blade (degrees);
e {§is the tip speed ratio of the turbine;

e C, is the power coefficient.

The maximum produced power by a wind turbine is calculated by the following Equation:

PG - VGIG (4-25)
&
i 1200 o
: 1000
.
T i 800
S i |
S 600
A
' 400
: 200
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0 2 4 6 8 10 12 14 16 18 20
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Figure 4.5: Characteristic curve of wind system (wind speed vs. power) (Bhayo et al., 2017).

The design requirement is thus for a 150 kW wind energy generation delivering 380 Vyc.

4.3.3. Modelling of the Battery

The principal focusing parameters of battery mathematical model are the voltage and current.

The current can be determined by the changing of the terminal voltage of the battery (Yu et
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al., 2016). The current production is driven by the transmission of electrons from one electrode
to another (Camacho & Mihet-Popa, 2016). The potential difference between the positive and
negative electrodes determines the open circuit voltage of the battery (Gunasekaran et al.,

2018). The following equations present the charging and discharging voltages of battery.

Vdischarge = Eo = Vop ' — Vop — IRpol (4-26)

Veharge = Eo + Vop™ + Vop + IR0l (4-27)

Voattery= Eo = K [o%] i = Ro (4-28)

Voattery = Eo = (£-) 1 = Rol (4-29)

Vaischarge = Eo — Kdr%il — Ryl — Kdvﬁit +e(t) (4-30)
Veharge = Eo — Kep = IMQ — Ryi— Kcvﬁit + e(t) (4-31)
e(t) = Bi[e(t) + Au(t)] (4-32)

Vaischarge = Eo = Kdy =i = Roi = Kd, (== 1) + (v (4-33)

Equation (4-28) could also be rewritten by utilizing the SoC because of the polarization ohmic
voltage. The composed relation model allows to modify the Equations (4-30) and (4-31). E, is
the open circuit voltage of the battery expressed in (Volt); K is the polarization coefficient (Q);

Q represents the battery capacity (A/h) and R the internal resistance.

The Equations (4-30) and (4-31) present some limitations such as (i) battery aging and self-
discharge, (ii) the current amplitude does not have impact on the battery capacity, and (iii) no
consideration of the temperature coefficient (Zhou et al., 2016). To surmount these limitations,
it is crucial to consider the aspects that have impact on the life of the battery. The analyze of
SoC condition is done at each instant and is calculated with threshold capacity by the help of

the following Equation;
t/. .. dt
Soc = Soci, — [, (1 — max(lg,ld)) q (4-34)
The net power produced by a DC micro-grid structure can be calculated as follows:
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Phet = Ppy + Pyind + Poiomass (4-39)

4.3.4. Modelling and Design of Power Converter

In this study, the boost and buck-boost converters are utilized to perform an impedance
spectroscopic measurement in parallel with the regulation of the PV output voltage and battery
systems. The buck-boost converter utilizes switches (MOSFET) to convert the battery input
from one level to another, which can be lower or higher. The control of the output voltage
average value is controlled by ON and OFF commutators based on the times (t,, and tgf)
over a constant frequency or constant period T = (t,, + tofr). This switching method is called
Pulse-Width Modulation. The buck-boost converter results from a cascaded combination of a
buck and boost converters and it is needed in the applications where the step-up and step-
down converters abilities are required (Hong et al., 2016). The conversion ratio of the output
to the input voltage in steady state refers to the product of the rational conversion of the both
cascaded converters. If both switches for the two different converters have the same duty

cycle, then equation (4-36) can be applied:

Yo® _p_L (4-36)
Vbatt(t) 1-D

In continuous conduction mode, the duty cycle is expressed by the following equation:

D=-" (4-37)

T VintV,

The Duty Cycle D is given by the ratio of the ON time to the period. Depending on D, the output
voltage can be lower either higher than the input voltage. The Figure 4.6 gives the

representation of a buck-boost converter.

D

g S |
£1 < | .
V I ~
s L ¢ LOAD | V/_
+

Figure 4.6: Equivalent circuit Buck-boost converter (Hong et al., 2016)

I\

According to Figure 4.6, a large capacitor is used for filtering the output signal, which results
in a stable output voltage —v,(t) = v,. The analyse of the both states ON and OFF is also

estimated using the same configuration (Figure 4.6) by adopting Kirchhoff's Voltage and
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Current Law (KVL and KCL). The power converter is considered to be in steady state, the
switches are supposed to be ideal, the inductive and capacitive elements losses are ignored.
The state variables of the circuit (inductor voltage, v; and capacitor current, i.) are expressed

mathematically in the following equations.

dI(t
v(t) = L (4-38)
. dVe(t
ie(t) = CE2 (4-39)

In a deactivated state of the switch (ON state), the source generates power to the inductor and
diode is inverse polarized. According to the figure 4.6, Vs = Vy,+ and V, = V;.. In the activated

state, the input voltage becomes equal to the output voltage, which means:

Viace(t) = V(D) (4-40)
0= ic(t) + =9 (4-41)
Rioad
dip,(t
Vg = Vpaee(t) = L_I;E) (4-42)
dip(t) _ Vpartt(t) -
L0 = Thar (4-43)
AL(®) _ AiL(t) _ Vbatt (4-44)
At DT L
i Vbatt(ODT
(AIL—closed(t)) = ttL (4-45)

When the switched is opened (OFF state), the diode is polarized forward and the stored power

into the inductor is supplied to the output, since there is no supply from the source.

ve(®) = —vi(1) (4-46)
. . t
() = 10 + 32 (@-47)
B
v = vo( =Lt (4-48)
dig(t) _ Vo_(t) -
Lo = T (4-49)
AL _ AL _ vo(® (4-50)
At (1-D)T L
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: (t)(1-D)T
(AIL—opened(t)) = Vof (4-51)
For the operating steady state:
(AiL—closed) + (AiL—opened) =0 (4'52)
Vbatt]ft)DT + VO(t)(E_D)T — O (4_53)
D
Vo(8) = —Voare () () (4-54)

When D is greater than 50%, the output will be higher than the input and vice-versa.

4.3.4.1. Design of Converters
A. Buck-Boost Converter Parameters
A.1. Determination of Inductor Value

Inductor selection determines the ripple current in the power converter. The larger the inductor
size, the lower the current ripple. More so, it is important that the chosen inductance
significantly exceeds the calculated (required) minimum value to maximize efficiency of the
power converter and to avoid unexpected issues (resulting in a transition from continuous
conduction mode to a discontinuous conduction mode) that may arise because of the wide

battery voltage input range.

By minimizing the power losses into the converter during operation, the power at the source

equals the power at the load (P, = F;).

2
e AW ING) (4-55)
Rlo.a\d
is(t) =i, (YD (4-56)
2
YO =y, (OiL(OD (4-57)
batt
Rload
2
I Vo2 () _ _Po® _ Vpau(® (4-58)

Vbatt(t)RloadD Vbatt(t)D Rload(l_D)2

The maximum and minimum values of the inductor current are as follows:

Al Vbatt(t) Vbatt (H)DT 1-50
I I ZL Rloada(t1t D)z at;L ( i )
Aly Vb ® Vbatt () DT 1-60
Imin IL 2 R]oada(t;—D)z at;L ( ) )
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The minimum inductance for continuous operation is:

Ripad(1-D)?
Linin = =22 —— (4-61)

According to the equation (4-36), the duty cycle value specified in the design is:

= &, in this study Vjy,q = 380V et V;, = 240V, then the duty of cycle is:
Vbatt+Vioad

380

D=207380 06!

In this study, a 20 kHz switching frequency was selected to avoid interference from audio

noise. The load resistance is calculated as follow:

v :
Ripaq = 111::2’ while

load = 1°% and Pioaq = 510 KW, Vigaq = 380 V, then

load

3
lioad = 5130{.320 = 1342 A, so the Rjgaq = % =0.28Q

Since R = 0.28 Q and switching frequency f = 20 kHz.

| _ Ruoaa(l-— D)2 _ 0.28(1 — 0.61)?
min 2xf 2 % 20000

=1.07 uH

For continuous operation it is important to select an inductor value that is 25% larger than

Lmin- Hence, the inductance must exceed:

25
(1.07) + (ﬁ X 1.07) = 1.3375 uH

1.3375 uH is the minimum value of the inductor, but a larger inductor should be connected to
the output voltage to decrease the current ripple. A 6.7 pH inductor was selected in this study.
The inductor ripple current is calculated by the following equation, where L is the inductance,

Fsw the switching frequency, V;,, the input voltage and D the duty cycle.

_ Vi xD 240 x 0.61 146.4 1.09 103

AL I XFsw 67106x2010° 13410 100 04

62



A.2. Determination of Capacitor Value

laQl = (2&) T = cav, (4-62)

_ Vo(®DT _ V(D
AVO B RLoad - Rp0ad XCxf (4-63)
_M®_ _ D s

Vo(t) Rp,0ag XCXf

D
Co. = 4-65
min (A\)/Oo((tt))) XRLoad «f ( )

With AV,= 4% of Vy, thus AV, = 15.2 V and the ratio (<) = 0.04

0

D _ 0.61
"~ 0.04 % 0.28 x 2.10*

= 2723.2 puf

Cmin =
AV, ()
( Vo(0) ) X Rioaa X f

A larger capacitor is connected across the output voltage to decrease the output voltage

undulation. An 8200uf capacitor was selected in this study.

B. Boost Converter Parameters

Vip, =215.4V; £, = 20 kHz; V,,+ = 380 V; Power = 210 kW; n=0.9.
dv percent = 1 this is equal to percent of output voltage.

Vi, is the minimum value of the input voltage; f;: switching frequency; V,: initial value of the

output voltage; P: power converter; n: efficiency and D: the duty cycle.

D=1 Yinxm _ _ (2154x0.9)

=0.4898
out 3
. Vout
d;: input current, d; = Irjpple X loue X V.

m

Lrippie: The right evaluation of the inductor current undulation is between 20% to 40% of the

output current.

3
Toue = el = 2 = 55262 A, thus d; = 0.4 X 552,67 X — - = 389.99 A ~ 390 A
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[VinX(Vout—Vin)] _ 215.4x(380—215.4) _
(dixfsxVout) 390%20,000x380

L: inductance ( Henry) it is given by L = 11.96 puH

dy percent

AV: output voltage ripple; dy= Vy,¢ X which is dy = 380 % %0 =38V

C: capacitor ( Farad) it is given by C = ——2- = 252:07x0489%8

fsxdy 20,000x38 3562 uf

4.4. Developed Energy Management System Algorithm for Battery Energy Storage
system

The energy management system (EMS) is a method utilized for monitoring and optimizing a
system operation. Generally, the EMS is utilized to control power production and schedule
programs for a group of power grid applications. However, EMS may be considered as another

way to control the electrical loads in micro-grids.

The present system is designed to meet the load demands. As renewable resources are
intermittent sources, the battery is used as a back-up system and this is also designed to meet
the load as well. The developed DC micro-grid model has three different types of load
(Industrial, Residential and Commercial Loads), in this developed model, the industrial load is
assumed to be a priority load and an auxiliary load is used to absorb all the overproduction
when the battery banks are fully charged. The system comprises three renewable sources with
the energy storage system, which provides power to the loads when the power generation is

insufficient. The net power generation and the load demands are calculated as follows:
P = va + Pwind + Poiom (3-66)
PL = l:)Ind + PRes + PCom (3'67)

With, P; the power generation; Py, the power produced from PV; P,inq the power produced

from Wind; Pp;,m the power produced from Biomass; P, the load demands; P,,,4 the Industrial

load; Pg,s the Residential load and P.,,, the Commercial load.

The battery bank will charge when there is surplus of power generation and will discharge
when the power generation is not capable to handle the load demands. Based on the
developed architecture, the power generation will supply the load demands through four
conditions and by the support of the battery bank. The developed flow chart architecture is

presented in Figure 4.7.

Firstly, the load demand and the power generation through different sources will be measured
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according to the following cases:

First condition: When the power generation is equal to overall load demands.

Based on this case, the loads are supplied by the power generation from PV, Wind as well as

Biomass without any disruption.

Second condition: When the power generation exceeds the total load demands.

For this scenario, the power generation is higher than the load demands, thus the total load
demands are provided by the power generation and the excess of production is used to charge
the batteries. As the loads are provided by the power generation, at the same moment the SoC
of the battery is measured. The condition is that, if it has a minimum value, which is < 100%,
then the battery will be connected to charge until its SoC will attain the maximum value and the

excess power will be supplied to the auxiliary load.

S0Chin < S0Cphatt < SO0Chax = 20% < SoCpaee < 100% (3-68)

P; > P, = Charging (3-69)

Third condition: When the total load demands exceeds the power generation.

When the power generation is less than the total load demands, then the loads will be provided
with the help of the battery bank. The EMS checks and calculates the difference between the
power generation and loads. At the same time the SoC of the battery bank will be measured.
In the case where the power in the battery is enough to provide the load demands, then the

battery is discharged until its SoC will reach its minimum value.

P; < P, = Discharging (3-70)
P, = Pg + Ppatt (3-71)
SoCpatt < 20% = Disconnect (3-72)

Fourth condition: When the generation power is still less the load demands and the SoC of
the battery is < 20%.

When the SoCp. < 20%, the battery will be disconnected to the system and at this time the
industrial load and the commercial load will be supplied by the available production from the

renewable energy sources. The difference power between the power generation and the two
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load demands will be calculated and after that, the available power generation will be checked
to verify if it is enough to supply the two load demands (industrial and commercial loads). If
yes, then the two loads will be supplied and if not, only the priority load (industrial load) will be
provided by the power generation, which is the most estimated. The EMS will calculate the
difference between the power generation and the priority load, and it will check the availability
of the generated power to see if it can provide the priority load demand. If the condition is
approved, then the priority load will be provided by the available power generation. In contrary,
if the condition is not satisfied, then the difference between the residential load and the power
generation will be calculated. The available power generation will be measured if it could
supply the residential load. If the condition is approved, the residential load demand will be
provided by the available power generation from the renewable sources, if not the system will
be shut down and the available power generation from the renewable sources will be supplied
to the battery bank. The system will permanently verify the power generation until the power

generation becomes active or the SoC of the battery reaches 20%.
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‘ Measurements Pg, P, SoC, Load,, Loady, Load, }

charge Battery

Figure 4.7: Energy Management System Flowchart
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CHAPTER 5: RESULTS AND DISCUSSION OF THE DEVELOPED MODEL

5.1. Introduction

In the precedent section, the descripted model structure and diverse specified simulation
procedures have been presented, so this chapter implicates the study of the simulation results.
The designed and developed DC micro-grid simulation model was performed by the use of
Simulink blocks available in the MATLAB / SIMULINK software. The blocks used included that
of the photovoltaic, permanent magnet synchronous machine, battery and converters were
designed in the SimPower Systems toolbox. Also blocks for circuit breaker, load, Measuring

and display devices were also used.

The following sections present the organization of this chapter. In section 5.2, the description
of the simulation model for the developed DC micro-grid is presented. The simulation results
of a photovoltaic array model of the developed DC micro-grid are presented in section 5.3. In
section 5.4, the results of the simulation of wind energy model for the developed DC micro-
grid are presented. Section 5.5 gives the simulation results of biomass energy model for the
developed DC micro-grid. The section 5.6 gives the simulation results of the battery energy
storage of the developed DC micro-grid. The load demands results of the developed DC micro-
grid are presented in the section 5.7. Section 5.8 is concentrated on the simulation of the
developed energy management system algorithm. Section 5.9 focuses on the discussion of
the simulation results of the entire model including the developed energy management system

algorithm. Section 5.10 presents a brief summary on this chapter.

5.2. Description of the Designed and Developed Simulation Model for the DC Micro-
Grid

Simulation model of the DC micro-grid was designed and developed on MATLAB/SIMULINK
environment by physical modelling. All circuit elements and machines are represented by their
respective model blocks available in the software. Figure 5.1 illustrates a complete system
model of the developed DC micro-grid composed of model blocks of PV, Wind, Biomass,
Battery, loads, switchgears, measuring and displaying devices. Table 5.1, presents the

simulation parameters.

Table 5.1: Simulation Parameters

Description Specification
PV power 210kWp, 380Vdc
Wind energy 150kW, 380Vdc
Biomass energy 150kW, 380Vdc
Battery storage 576kWh / 240V
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Figure 5.1: Descripted DC micro-grid model
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5.3. Simulation Results of the PV Array Model for the DC Micro-Grid

The complete autonomous PV model was designed using MATLAB / SIMULINK software
environment. The PV array model has been designed in SIMULINK and to step up the output
voltage of the PV system from 215.4 ;. to 380 V. , a DC-DC boost converter was designed
and associated to the PV model utilizing physical electronic components, which include
resistor, inductance, diode and a IGBT,; this is presented in Figure 5.2. To generate the
required power, a large number of solar cells has been connected in parallel and series to
constitute a PV module. The solar irradiation was assumed constant at 1000 W /m? and the
temperature constant at 25°C in the simulation. As the PV output voltage is not constant, which
means that it varies, therefore, the duty cycle control was implemented to maintain the output

voltage from the DC-DC boost converter constant at 380 ;. adopting the following Equation.

(Vinxn)
D=1 Ywm (5-1)
Vout
[V_PV] Vpv
T =
PandO
(I_PV] Ipv Saturation PV Output Power
[0..1]
PWM Generator
(0C00) S
‘ P D
i
—a+ ) “o——e— = 2o lout PV Output Current
L
1000 Diode Ld :]
=]
Irradiation l o
— + 3
25 IGBT/DiodeZ% l_ ¢ R % - D
W Voltage Measurement PV Output Voltage

Figure 5.2: PV array model for the developed DC micro-grid
5.3.1. Simulation Results of the Developed PV Array Model for the DC Micro-Grid

Finally, to ensure that the design of this model is correct, the model can be simulated for its
evaluation and analysation of its performances. This photovoltaic model consists of 750
identical solar cells, which are connected in parallel and series and able to deliver 35.9 V DC,
6 of which are in series and 125 in parallel. This system is designed to generate a maximum
power of 210 kW, a voltage of 380 V,;. and a maximum current of 552.67 A at the DC-DC boost

converter output.
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Figure 5.3: PV model output voltage for the DC micro-grid
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Figure 5.4.: PV model output current for the DC micro-grid
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Figure 5.5: PV model output power for the DC micro-grid
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The PV system output voltage from the boost converter as a function of the simulation time is
illustrated in Figure 5.3 above. The output voltage remains constant at 380 V,;. with very small

ripples; the designed model allows a ripple with 0.9% variation from the steady state.

The PV system model output current from the boost converter is presented in Figure 5.4. As it
is shown, the value of the output current stays constant at 553 A with a very small ripples. The
founded simulation results were identical to the calculations done in section 4.3.4.1 in the point

B above of the photovoltaic model output current.

Figure 5.5 illustrates the generated photovoltaic model output power and as it can be seen,
the output power remains constant. The produced power is 210.678 kW. This result refers and
approves the calculated value of the photovoltaic model output power in the precedent chapter,
Section 4.3.1.2.

5.4. Simulation Results of the Developed Wind Power Model for the DC Micro-Grid

The wind energy model was also designed in MATLAB / SIMULINK software environment and
a AC-DC universal bridge rectifier was added to the permanent magnet synchronous generator
(PMSG) block output, which converted the AC output voltage of the wind power model from
380 V,. to 380 Vy; this is illustrated in Figure 5.6. The wind speed is kept constant at 12 m/s,
pitch angle to 0°, rotor speed 12.08 rad/s and the torque of 12500 Nm in the simulation. The

rotor speed and torque are calculated as follow:
Knowing that P,;,q= 150 kW, f= 50 Hz and the pair of poles considered is equal to 48.

The rotational speed is calculated by:

60xf
N = 5-2
. (5-2)
N = 60 X 50 125
= 24 = rpm
The angular velocity is calculated by:
NX21
= (5-3)
_ 125><2><3.14_1208 d
W= <0 = 12.08 rad/s
The torque is calculated as follow:
P
C= = (5-4)
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Because of certain losses in the machines such as the losses of hysteresis, it is thus that in

the calculations the power is fixed at 151 kW.

P rotor speed (radls) Torgs

Scope

i

4

Y

Evis

wind speed (m's)

pich angle

~12.08

151 000

[ ]

Display

-

Torque

s gl

=

(3]

Wind Turbine

[Is_gg>;f current \I
D

Permanent Magnet
Synchronous Machine

= 12500 Nm

9 (AP

Tm 1J

|
CI—\

Joitage Vs [q (V)>

[Te] rm
[Wim] >‘Talor

Inagnetic torque Te (N'm)>

peed wm (radis)>

P apha

» *mﬂ_P —
Block

Pulse Generator
(Thyristor, 6-Pulse)

Py
v

\oltage Measurement1

P! Current Regulator

)y

Current Measurementg

!

Output Power

Output Current

t b

¢ T

1

=

L
-0

tage Measurement

Universal Bridge Rectifier

Figure 5.6: Developed wind power model for the DC micro-grid
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5.4.1. Simulation Results of the Developed Wind Power Model for the DC Micro-Grid

To make sure that this design model is correct, the model can be simulated to estimate and

analyse its performances and quality. The wind power model is constituted of a wind turbine,

which turns at 12.08 rad/s and able to deliver a torque of 12500 Nm that runs a permanent

magnet synchronous machine. This system is constituted of a maximum power of 150 kW, a

voltage of 380 V4. and a maximum current of 394.74 A at the output of the universal bridge

rectifier. The following Figures, present the simulations results.
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Figure 5.7: Wind power output voltage for the DC micro-grid
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Figure 5.8: Wind power output current for the DC micro-grid

<10% =
T
16 { Power Generation }-

0 1 2 3 4 5 6 7 8 9 10
Time (seconds)

Figure 5.9: Wind power output power for the DC micro-grid
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Figure 5.10: The output torque from wind turbine for the DC micro-grid

T T T T T T T T T
<Rotor speed wm (rad.v's):-]

il |

Rotor Speed (rad/s)

6L i i i i i I I I I
0 5 10 15 20 % 30 35 40 45 50
Time (seconds)

Figure 5.11: The rotor speed of the wind turbine for the DC micro-grid

Figure 5.7 presents the universal bridge rectifier output voltage of the wind power system. The
steady state of the output voltage is attained at approximately 2.5s and after remains constant
at 380 Vy. with very small ripples. The output current of the wind power system model from
the universal bridge rectifier is shown in the Figure 5.8. As it can be seen, the steady state is
reached at 2.5s and the output current stays constant with small ripples at 397 A as an average
value. Figure 5.9 presents the generated output power from the wind model and the steady
state of this power starts to be reached at 2.5s and remains constant with small ripples. The

average value of the power produced is 148.778 kW.

Figure 5.10 above presents the torque curve. Figure 5.11 illustrates the rotor speed curve, the
steady state is reached after 2.5s. The torque and rotor speed remain constant without any

ripple. The generated torque is 12520 Nm and the rotor speed is 12 rad/s. These results
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confirm the rotor speed and torque values of the wind turbine calculated in the Equation 5.4
above. Therefore, the founded voltage, current and power output values of the simulation
results were identical and equal to the expected values of the output from the universal bridge

rectifier.

5.5. Simulation Results of the Developed Biomass Power Model for the DC Micro-Grid

Since the biomass block does not exist in SimpowerSystems, the PMSG was considered for
this case. The biomass power model has been implemented using MATLAB / SIMULINK
software environment and a AC-DC universal bridge rectifier was added to the output of the
PMSG block, which converts the AC output voltage from 380 V,. to 380 Vy; this is shown in
Figure 5.12. The torque is kept constant at 2906.4 Nm and the rotor speed at 52.33 rad/s, in

the simulation. The rotor speed and torque are calculated as follow:

The rotated speed is estimated at 500 rpm at a frequency of 50 Hz. Referring to the equations

5-2; 5-3 and 5-4, the rotor speed and torque can be calculated.

N 60 x f 60xf 60x50 6 vol
= e d = = =

D P=7y 500 POEs

w X 60 Nx2mt 500 X% 6.28 52 33 rad

= b = = = .

2m “= 760 60 rad/s

_ P 151000 29064 N
® 5233 & m

5.5.1. Simulation Results of the Developed Biomass Power Model for the DC Micro-
Grid

To be sure with the design of the model made, this is simulated to estimate and analyse its
quality performances. This model comprises a PMSG operating at 52.33 rad/s with a constant
torque of 2906.4 Nm as illustrated in Figure 5.12. The characteristics of the system are (a
maximum power of 150 kW, a voltage of 380 V4. and a maximum current of 394.74 A at the

output of the universal bridge rectifier. The following Figures, present the simulations results.
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Figure 5.12: Biomass power model for the DC micro-grid
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Figure 5.13: Biomass power output voltage for the DC micro-grid
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Figure 5.14: Biomass power output current for the DC micro-grid
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Figure 5.15: Output power of the biomass power for the DC micro-grid
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Figure 5.16: The Rotor Speed of the permanent magnet synchronous generator

The above Figure 5.13, refers to the universal bridge rectifier output voltage. This voltage value
is constant at 380 V,. with very small ripples. The output current of the model is presented in
the Figure 5.14. As it can be seen, the output current stays constant at 398.7 A with a very
small ripples. Figure 5.15 presents the generated output power of the biomass power system

and this value remains constant. The power generated by the biomass system is 151.678 kW.

The rotor speed curve of the PMSG is presented in Figure 5.16 and its output value is 52.3
rad/s. Comparing the result of the simulation to the calculated value in Section 5.5, the
simulated value of the rotor speed was found identical to the above value. Thus, these results
approximately refer to the expected values of the designed model. The designed model allows

a ripple with 0.87% variation from the steady state.
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5.6. Simulation Results of the Developed Battery System Model for the DC Micro-Grid

The Battery model has also been implemented within MATLAB / SIMULINK software
environment and a DC-DC bidirectional converter was utilized and designed utilizing physical

electronic components like resistor, inductance, capacitance and a IGBT/Diode to step up the

battery output voltage for the discharging mode and to step down the battery input voltage of

the battery system from 380 V4. to 240 V4. for charging and vice versa, with a duty cycle equal

to 0.61; this is presented in Figure 5.17. Two battery banks were considered in this simulation
grouped in series and parallel. Each battery bank generates 288 kWh and the battery bank
capacity is at 576 kWh. To maintain the DC-DC bidirectional converter output voltage, the duty

cycle control is developed and that value is maintained at 380 V;. adopting the following

equation.
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Output Current

| Bidirectional

The bidirectional DC/DC converter
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Figure 5.17: Battery energy storage system model for the developed DC micro-grid
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5.6.1. Simulation Results of the Developed Battery System Model for the DC Micro-
Grid

The battery bank is designed to first meet the total load demands and provide power to the
priority load (industrial load), which is the most consideration in this research within at least
five hours on its own when it is fully charged without any power generation. But the total load
demands can also be supplemented by the battery bank for few hours. The battery bank model
comprises 6 identical batteries grouped in parallel and series and able to deliver 80 V DC 1200
Ah each, 3 of which are in series and 2 in parallel as considered in the design. The
characteristics of the modelled battery bank are (a maximum power of 576 kWh, a voltage of
240 V4. and a maximum current of 2400 Ah). The expected generated values at the
bidirectional converter output are 380 V4. as voltage, 1345 A for the current and 511 kW as

output power. The Figures bellow, present the simulations results:
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Figure 5.18: Battery SoC for the DC micro-grid
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Figure 5.19: Battery output voltage of the DC micro-grid
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Figure 5.18 presents the battery SocC, it can be seen that the battery is discharged gradually

without knowing the problem of rapid discharge. The battery output voltage is presented in

Figure 5.19. This output value remains constant at 256 V with very small ripples.
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Figure 5.20: DC-DC bidirectional converter output voltage of the battery

Figure 5.20 illustrates the battery output voltage and its value stays constant with small ripples.
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Figure 5.21: Output power of the Battery for the DC micro-grid

Figure 5.21 shows the generated battery bank output power, and the result demonstrates that

this output power has a constant value with small ripples. The average value of the produced
power is 563,45 kWh.
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Figure 5.22: Output power of the battery from DC-DC bidirectional converter for the DC micro-
grid

Figure 5.22 illustrates the output power from DC-DC bidirectional and the output power

remains constant with very small ripples. Thus, the voltage and power output results of the

simulation found were identical and equal to the expected values of the output from the DC-

DC bidirectional.

5.7. Simulation Results of the Load demands for the DC Micro-Grid

The designed and developed system is constituted of three different types of loads (Load1 =
Industrial load, Load2 = Residential load and Load3 = Commercial load), which are connected
in parallel and represented by the resistors in the model. The industrial load is considered as
a priority load in this system and an auxiliary load is used, which will be supplied when the
battery storage will be fully charged. The entire load comprises 510 kW, with Industrial load
200 kW, Residential load 150 kW and Commercial load 160 kW. The following curves show

the different measures of the load, which are power, voltage and current.
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Figure 5.23: Load demands voltage for the DC micro-grid
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Figure 5.25: Power demand of Loads for the DC micro-grid

The above Figure 5.23, presents the load output voltage. This output voltage value is constant
at 380 Vy4.. The output current of the load is presented in Figure 5.24. According to the results,
it is shown that the output current stays constant at 1346 A. The load output power is presented

in Figure 5.25, and the power remains constant, which is 511,5 kW.
5.8. Description of the simulation of the Developed Energy Management System

The designed and developed DC micro-grid model and the energy management system was
designed and built on MATLAB/SIMULINK environment by physical modelling. The energy
management system model was designed on State-flow logical programming environment. All

circuit elements are represented by their respective model blocks available in the software. A
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completed model of the developed DC micro-grid and energy management system algorithm

is shown on Figure 5.26.
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Figure 5.26: Developed DC micro-grid including the energy management system algorithm
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Figure 5.26 describes the developed DC micro-grid including the energy management system
algorithm, which controls the charge / discharge of the battery bank in BMS and the operation
of the entire system. The system is designed so that there is no overcharging or under
discharging of the battery. This implemented system control helps the battery bank to operate
according to the consign from the EMS and allows to keep its SoC in the admissible limits to
avoid the deep charging / discharging of the battery bank within the DC micro-grid operation.
The developed model is implemented to allow the battery to charge at 100% and once the
charge limit is reached, the battery is automatically disconnected from the system to wait for
the discharge phase, when the power generation is not capable to provide power to the loads.
When the battery is connected for the discharge phase, the system will continue to check the
SoC of the battery. When the fixed discharge limit is reached (SoC < 20%), the battery will be
automatically disconnected to the system because dropping below this threshold can cause
deep discharges, which can drastically reduce battery endurance or destroy it completely. With
this strategy, the battery will be able to maintain its qualities and capacities without having the

problem of premature charging and discharging.

5.9. Simulation Results of the DC Micro-Grid Using the Developed Energy
Management System Algorithm

This section focuses on the different simulation results of the developed EMS algorithm and
diverse scenarios are considered. The adoption of scenarios allows to better understand the
real environment and to position with a neutral and objective point of view. The use of scenarios
is necessary because it allows to provide a concrete method and approach. Thus, using the
scenarios chronologically provides a very useful guideline. Tables 5.2 and 5.3 summarize the

different operating modes of these scenarios.

Table 5.2: Condition Table for the Energy Management System

Descriptions Conditions 1 2 3 45 6 7 8 9 10 11
Scenario 1
Supply Loads P, =P, 1 000 0 O0O0OOO0O O
Scenario 2
Supply Loads & Charge Battery P, > P, 01 0 0O0O0O0UDO
Charge Battery SoC < 100% 001 0 00 O0O
Disconnect Battery and Supply SoC = 100% 0 001 00OO0OO0O0O0O O
Auxiliary Load
Scenario 3
Connect Battery P; <P, 0 0001 0O0O0O0OUO0O O
Discharge Battery SoC > 20% 0 000 O0O1O00O0
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Disconnect Battery SoC < 20% 00 00 0O O0O“1O0O0O0 O
Supply Load, + Load; and P; > Load, + 0O

o
o
o
-

Charge Battery Loads

Supply Load; and Charge P; > Load, 00 00 0O O O0OO0OM1TO0O O
Battery

Supply Load, and Charge P, < Load; =20 0 0 0 0 0 O O 0 1 O
Battery Load,

Shut down Loads and Charge P; < Load, 0 00O0OO0OOOOTOTG O 1
Battery

Where P; is the power generation, P, is the load demands power, Load, represents the
industrial load, Load, is the residential load, Load; is the commercial load and SoC is the state

of charge of the battery.

Table 5.3: Action Table for the Energy Management System

N* Descriptions Actions

1 Loads connected A1: Loads = ON;

2 | Load connected & Battery charging A2: Loads & Battery = ON;

3 | Battery charging A3: Battery = ON;

4 Auxiliary Load connected A4: Damp load = ON; Battery = OFF; Loads =
ON;

5 | Battery connected A5: Battery = ON; Damp Load = OFF;

6 | Battery discharging AG6: Battery = ON;

7 | Battery disconnected AT: Battery = OFF;

8 Load; & Load; connected A8: Load; & Load; = ON; Load, = OFF; Battery =
ON;

9  Load, & battery connected A9: Load, & Load; = OFF; Load, = ON; Battery =
ON;

10 Load, & battery connected A10: Load, & Load; = OFF; Load, = ON; Battery
= ON;

11 Loads disconnected & Battery connected A11: Loads = OFF; Battery = ON;

The energy management system is implemented using the State-flow logical programming
environment. The operating mode of the State-flow environment refers to a logical system
either it is 0 or 1. When the output from the chart flow displays 1, it shows that the system

operates (ON) and when the output indicates 0, that means the system is off.

Scenario 1: the power generation is equal to the loads demands in this first case. At this stage,

the battery as well as the damp load are disconnected from the system. All production is
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localized to the load and the battery SoC is assumed to be less than 100%. In this case, the

battery SoC is estimated to be 50% as illustrated in Figure 5.27.
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Figure 5.27: Power generation and battery SoC from the DC micro-grid
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Figure 5.28: Output results from the energy management chart
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Figure 5.29: Transition State from the Stateflow Chart

Figure 5.27 illustrates the power generation from renewable generation and the percentage of
the battery SoC. The power generation is approximately equal to the load demands so in Figure
5.28 the EMS displays 1 for the loads, 0 for the battery and the damp load to show that these
two sources are not currently operational. And in Figure 5.29, it is shown that the flow chart
transits from a state to another depending to the input and it can be seen, the flow chart
displays the load dial in blue to show the operating mode, which explains that the condition is

met.

Scenario 2: Here, the power generation exceeds the load demands. Thus, the EMS will check
if the battery is fully charged or not as shown in Figure 5.30. If the SoC is less than 100%, the
load demands will be provided by the power generation and at the same time, the battery is
connected to be charged by the surplus of the power generation until it reaches its charge limit
which is 100%. In this case, the SoC is assumed to be at 50%. When the battery reaches its
maximum charge value (100%), it is isolated from the system to wait for the discharge phase.
The surplus of the power generation will be transferred to the auxiliary load where it will dump

until the power generation reaches the load demands or decreased.

88



:‘(10s =

1] 1|
I Powuqnnﬁonl
6
5
4
3
53
:
a
2
1
0
0 1 2 3 4 5 6 7 8 9 10
Time (seconds)
Figure 5.30a: Power generation from the DC micro-grid
|J' <900(96)>|
51.2
51 //
508 =

SoC (%)
8

» 2

i

0 50 100 150 200 250 300 350

Time (seconds)
Figure 5.30b: Battery SoC from the DC micro-grid
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Figure 5.31: Output results from the energy management system chart showing that the battery
is charging
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Figure 5.32: Transition state from the Stateflow chart

In Figure 5.31 the load and battery outputs are 1 while the damp load output is 0. This means

that the loads are supplied and at the same time the battery is also charging. Thus, in Figure

5.32, the battery dial is displayed in blue to show its operating status. The two outputs cannot

at the same time display in blue according to the design in Stateflow logical programming

environment, hence it is the last output in operation which is displayed even if the others are

running. But it will be noticed in the display as is the case in Figure 5.32.
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Figure 5.33: Output results from the energy management system chart showing that the
auxiliary load is connected

Figure 5.33, shows that the load and auxiliary load outputs are at 1 while the battery output is
0. This means that the load is powered and the battery has reached its charge limit and it is
isolated from the system. The auxiliary load is then connected and all the surplus of production
from the renewable energy sources is supplied to the auxiliary load. Thus, the auxiliary load
dial is displayed in blue to show its operating status. This confirms that the condition given
from the EMS is met.

Scenario 3: The power generation is less than the load demands as illustrated in Figure 5.34.
According to this scenario, the load will be supplied by the help of battery bank. Firstly, the SoC
of the battery will be measured. If the SoC of the battery is higher than 20%, then the battery
will be connected to the system where it will be discharged. The condition is that, when the
SoC is less than 20%, automatically the battery bank must be disconnected to the system the

avoid the deep discharge, which can damage the battery.
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Figure 5.35: Output results from the energy management system chart showing that the battery
is discharging
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Figure 5.36: Transition state from the Stateflow chart

In Figure 5.35 above, the battery and the loads display 1 to indicate that the load demands is
supplemented by the battery bank. Figure 5.36, presents the state of the battery in stateflow
chart. It is remarkable that the battery is displayed in blue to show that it is operating. The
battery bank is designed to first provide power to the entire load demands, but for an urgency
case to supply the priority load within at least five hours. The battery bank is rated at 2400 Ah.
If no generation power recharges the battery bank, then the battery should drain within more
or less in five hours till it discharges. But in the case where the entire load demands is provided
by the battery bank, thus, it should drain within more or less in two hours till it discharges,

which means twice and half as fast than when the priority load is supplied.

Once the battery's SoC drops below 20% because dropping below this threshold can cause
deep discharges, which can drastically reduce battery endurance or destroy it completely., the
system disconnects the battery. The EMS allows the priority load, which is Industrial (Load1)
or the combined loads (industrial and commercial loads (Load3)) to be supplied if the
generated power is enough to provide power for these two load demands. Thus, the EMS will
measure the power generation to check if the available power from the energy sources can
handle the priority load demand (Load1) and at the same time the commercial load (Load3). If
the condition meets, in this case the two loads will be supplied. If the EMS notices that the
power generation can simultaneously supply both the priority and commercial load demands
and charge the battery, if the condition is approved the excess of production will be stored in
the battery bank. This is presented in Figure 5.37 and Figure 5.38. In Figure 5.37, it is shown
that the two loads (Load1 and Load3) are supplied and the battery is charging.
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Figure 5.38: Transition state from the Stateflow chart

In the case where the power generation cannot supply the two load demands (priority and
commercial loads), the EMS will check if the power generation can supply the priority load
which is the Industrial load (Load1). If the condition is approved, then the priority load demand
is supplied by the power generation. Before that, the EMS will measure the power generation

to check if it will be able to provide power to priority load and charge the battery bank at the
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same time, if the condition is approved, then the battery bank will also be connected to be
charged. In this case, it is considered that the power generation can provide power to priority

load and the excess of production is used to charge the battery as illustrated in Figure 5.39.
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Figure 5.39: Output results from the energy management system chart
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Figure 5.40: Transition state from the Stateflow chart showing that the Load1 and the battery
are supplied

In Figure 5.40 shown above, it is considered that the available power from the renewable
sources is enough to provide power to the priority load and charge the battery bank. The

battery dial displays in blue to show that the battery is charging.
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Figure 5.41: Output results from the energy management system chart
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Figure 5.42: Transition state from the Stateflow chart showing that the Load1 is supplied

In the case of the Figure 5.42 shown above, it is considered that the power generation is only

able to handle the priority load demand. The load1 dial is displayed in blue to show that the

load1 is in the operating mode.

If the power generation is less than the priority load, it means that the production falls below

200 kW, then the EMS will check if the generated power is capable to supply power to
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residential load (Load2) or supply power to both the residential load and battery bank. Two
cases have been considered at this level, first when the residential load and the battery are
supplied (see Figure 5.43 and Figure 5.44) and second when only the residential load is

supplied (see Figure 5.45 and Figure 5.46).
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Figure 5.43: Output results from the energy management system chart
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Figure 5.44: Transition state from the Stateflow chart showing that the Load2 and the battery

are supplied
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Figure 5.45: Output results from the energy management system chart
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Figure 5.46: Transition state from the Stateflow chart showing that the Load2 is supplied

When the power generation falls below the residential load which is 150 kW, in this case the

developed EMS algorithm will automatically disconnect all the loads (Shut-down the loads)

momently and connect the battery

to be charged as presented in Figure 5.47.
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Figure 5.47: Output results from the energy management system chart

In Figure 5.48 below, it is shown that the battery dial is displayed in blue to show that only the

battery are supplied by the power generation and the loads are isolated (shut-down). Based

on the design specifications, the energy management system will continue to check the

availability of the production from the renewable sources as well as the SoC of the battery

storage until the power generation becomes active or the SoC reaches 20% as fixed in the

design.
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Figure 5.48: Transition state from the Stateflow chart showing that the load is shutdown

5.10. Conclusion

The simulation results of the developed DC micro-grid and energy management algorithm
model were presented in this Chapter. The model was finally designed and developed to
ensure the energy management of a battery bank in a DC micro-grid. The model was designed
and developed using MATLAB/Simulink software and the presentation of the simulation results
was realised into two ways. Firstly, the simulation model for the developed DC micro-grid,
which includes PV system, Wind power, Biomass power, Battery and Load demands.
Secondly, the simulation results of the developed DC micro-grid system and the energy
management system algorithm. An effective management of the micro-grid and battery system
is very essential to ensure a proper operation of the DC micro-grid, since this system depends
on renewable energy, which is often variable sources. In this work, it was not only a question
of focusing on the energy storage system; but also to ensure the energy management in all
the system to finally maintain its proper operation and to avoid the damaging of the battery,
which will often cause the problems of premature charge and rapid discharge of the battery
bank. The following Table 5.4, presents the summary of the scenarios and the results, where
P; is the power generation, P, is the load demands power, Ind; is the industrial load, Res;, is

the residential load and Com, is the commercial load.
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Scenarios
1 PG - PL
2 P; > P,
3 P; <P,

4 So< 100%

5 So< 50%

6 SoC<20%

Table 5.4: Summary of Scenarios and Results

Ind; Res; Cm,; Battery

Analysis
In this first case, the load demands were 509 kW
and the power generation was 510 kW. At this
stage the loads were continuously supplied by
the power generation without any interruption as
shown in Figures 5.28 and 5.29 and the battery
bank was in standby state. The SoC was settled
at 50% in the simulation.
For this case, the produced power from the
distributed generation was 590 kW and the load
demands were 510 kW. The excess of the
production (80 kW) was stored in the battery
bank as illustrated in Figures 5.31 and 5.32.
In this case the demands exceeded the power
generation and the battery bank was used to
supplement the supply as presented in Figures
5.35 and 5.36.
During this stage, the battery was used to supply
the entire loads until its SoC reached 50%.
When the SoC reached 50%, the commercial
and residential loads were disconnected only the
industrial load was supplied, which was the most
consideration in the study.
In this case, the battery bank reached its limit of
discharge, so it was disconnected. The demand
was satisfied by the available power generated
from energy sources based on the input power
conditions from the EMS flow chart. When the
available power generation from DG became
low, the loads were shut down and the battery
bank was charged from the available production
until its SoC reaches 20% or the power
generation becomes active. The results of these
scenarios are shown from Figure 5.37 to Figure
5.48.
In this scenario, the load demands exceeded the
power generation, only the priority load and the

commercial load were supplied, which needed
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P, = 400 kW
P, = 200 kW
P; = 180 kW
P, = 160 kW
P, = 150 kW
P;=100 kW

1

1

1

0

0

0

0

0

0

1

1

350 kW to be supplied. The excess (50 kW) of
the production was stored in the battery bank as
illustrated in Figures 5.37 and 5.38.

The power generation was less than the two
loads priority loads and commercial load. The
industrial load (priority) was supplied without any
interruption by the available power generation
and the excess of production (20 kW) was stored
in the battery bank as it was shown in Figure 5.39
and 5.40.

In this case, the power generation became equal
to the priority load only, the battery bank was
disconnected from the system and only the
priority load was provided by the available power
generation from the renewable sources as
presented in Figure 5.41 and 5.42.

The power generation was less than the priority
load is this case and the SoC of the battery was
still less than 20%. The residential load demand
was 150 kW in this case. The residential load was
supplied by the power generation and 10 kW of
excess was stored in the battery bank as shown
in Figure 5.43 and 5.44.

The power generation became 150 kW, which
was equal to the residential load. The battery
bank was disconnected and the available power
generation continuously supplied the residential
load without interruption as presented in Figure
5.45 and 5.46.

In this scenario, no load was able to be supplied
by the available power generation from the
renewable energy sources. The loads were
disconnected from the system momently and the
available power generation charged the battery
bank until its SoC reaches 20% or the power
generation becomes active. The results of this

scenario are shown in Figure 5.47 and 5.48.
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According to the simulation results, the designed DC micro-grid model was perfectly found
identical to the calculations and to the design. The method used to design and develop this
energy management system algorithm was the State-flow logical programming environment
in MATLAB/Simulink software. This method has helped to build the Flowchart diagram
presented in Figure 4.7. Based on all these scenarios, the developed energy management
system algorithm will ensure the reliability, the resiliency, the robustness and the proper
operation of the battery systems in micro-grids. The principal advantage of this algorithm is
that it will ensure the proper relation between the charge / discharge rate of battery energy
storage systems on their operating conditions and keep its SoC in the admissible limits to avoid
the deep charge / discharge of the battery bank, which in return will significantly impact on
their lifespan and on the reliability in a DC micro-grid. Moreover, the developed software model
is flexible to enable the users to access and to change any control parameter within the DC

micro-grid.

Similarly, the operation costs of battery are also increased with significant battery degradation
costs. Another important aspect that provide this algorithm is that the overall cost and
degradation impact on battery will be lower. The SoC of this battery operation directly affects
positively its achievable lifetime. Accordingly, the battery degradation costs increase due to
premature charging and discharging cycles. Proper operation of battery results in reduced
battery degradation and improve battery life. The results have shown that the initial investment
cost is comparatively lower. The total cost minimisation objective over the battery system

lifetime is expressed as follows:
N
7= Z(cs + 0, + )™ (5 - 6)
n=1

Where, Z is the present value of the total lifecycle cost ($); w = (1 / 1+r) is the discount factor
and ris the discount rate; C; is the capital cost ($); O, is the annual operation and maintenance
cost ($) over the lifetime of the equipment; @ is a cost component ($) and N is the number of

years.

The detailed equation for the BESS levelized cost of energy (LCOE) ($ / kWh) is calculated as

follows:

Z
LCOE = (5 —7)

Qn
YineN (m)
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Where, Z is the total life-cost ($); Q,, (kWh) is the energy output in the year n; r is the discount

rate.

Therefore, as the battery degradation decreases, LCOE value is expected to decrease. Based
on this equation, the developed algorithm will decrease the economic analyse in terms of
LCOE.

The developed system is considered for 20 years and the results were analysed on the basis
of some assumptions and economic parameters. The LCOE of the developed system is:
Z 63.36

LCOE = =< = 011 $/kWh

Qn
YneN (m)

Table 5.5 compares different results on Levelized cost of energy taken from previous studies,

carried out by three different authors and the fourth case is for this study.

Table 5.5: Economic Parameters
Case LCOE ($/kWh) Cycle ratio (%) Lifetime (year)

1 0.35 0.09 8.26
2 0.19 0.05 15
3 0.15 0.03 18
4 0.11 0.02 20

Based on the analysis, the LCOE is 0.11 $/kWh, which is 20% lower than that of other similar
studies. Extensive case studies and simulation results describes the energy and cost savings
of the developed system operation, while significantly reducing C0O, emissions and improving

battery life.
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CHAPTER 6: CONCLUSION AND RECOMMENDATIONS

6.1. Conclusion

A micro-grid can be defined as a reduced-size electrical network merged with renewable and
non-renewable energy sources, also incorporating an energy storage system as well as local
loads. They operate either independently or connected to the electrical utility grid. The use of
energy storage systems is very necessary in renewable micro-grids as they can ensure the
reliability of power supply. Battery energy storage systems are the types of energy storage
widely used in renewable micro-grids. In case of battery bank, the deep discharge or the

premature charge can lead to a reduced life of the storage system.

This research designed and developed an energy management of a battery energy storage
system for DC micro-grid. The developed DC micro-grid model and energy management
system algorithm was implemented using MATLAB/Simulink software, which used a physical
modelling approach. The aim of this research was to develop a battery management system
algorithm to control the charge and discharge of the battery and to keep its SoC in the
admissible limits to avoid the deep charge / discharge of the battery in a DC micro-grid.
Moreover, in a micro-grid, given that several power sources are connected, an energy
management system needs to be implemented to ensure their proper operation. Thus, the
objectives of this research were to design and develop a simulation model; to develop DC
micro-grid component models to be used in the simulation model; to develop a simulation
model of the DC micro-grid; to develop a control system schemes for the DC micro-grid; to
develop an energy management system (EMS) algorithm for the DC micro-grid and to develop

a battery management system (BMS) algorithm.

The developed DC micro-grid system was for a remote town. This developed DC micro-grid
model considered different loads such as commercial, industrial and residential loads. The
total load demands per day was assumed to be 507kW and the total power generation from
the DG sources was 511 kW. To achieve the aim and objectives of the research, firstly a DC
micro-grid model was designed and developed using MATLAB/Simulink software, secondly a
control system schemes for the DC micro-grid was also developed using MATLAB/Simulink
software and thirdly an algorithm for the battery management system and energy management
system strategies were developed using Stateflow logical programming environment in
MATLAB/Simulink software.

Finally, the simulation was conducted to show the interaction between different components of

the system and to demonstrate the operation of the developed DC micro-grid and energy
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management system algorithm. The different results of the scenarios of the developed energy
management system algorithm have successfully shown that this developed algorithm will be
able to ensure the reliability, the resiliency, the robustness and the proper operation of the
battery systems in micro-grids. The main advantage of this developed algorithm is that it will
ensure the proper relation between the charge / discharge rate of battery energy storage
systems on their operating conditions and will allow to keep its SoC in the admissible limits
(between 20% and 100%) according to the input power conditions from the EMS flow chart, to avoid
the deep charge / discharge of the battery bank, which in return will significantly impact on
their lifespan and on the reliability in a DC micro-grid. The results demonstrated that the battery
is able to handle the load demands for different scenarios studied. Moreover, the developed
software model presents another advantage, which enables the users to access and to change

any control parameter within the DC micro-grid.

In addition, this developed algorithm provides a low overall cost, which is 20% lower than
similar works and degradation impact on the battery. The SoC of the battery operation will
directly affect positively its achievable lifetime and the battery degradation costs will
significantly decrease. This algorithm offers a proper operation of the entire developed DC
micro-grid system, which results in reduced battery degradation and improve battery life as
well as the energy stored in the battery. The results have shown that the initial investment cost

will comparatively be lower and will decrease the economic analyze in terms of LCOE.

6.2. Recommendations and Future Works

¢ Inthis research project, to ensure the proper operation of the developed DC micro-
grid system and to ensure a proper use of battery system, an energy management
system algorithm has been implemented using the State-flow logical programming
method. Thereupon, other methods such as Fuzzy logic can also be used to

compare the effectiveness of this method.

e A micro-grid can operate either independently or connected to the electrical utility
grid. This research work, focused only on the operation of a DC micro-grid in
autonomous mode. But, a connected micro-grid to the grid using the same method

could be explored to verify the compatibility of the system.

6.3. Publication

The study outcome was produced in the following publication:

Ndeke and Adonis, 2020. “Energy Efficiency and Energy Management in South Africa —
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Standards, Barriers and Policies”. AIUE Proceedings of the 18" Industrial and Commercial
Use of Energy Conference 2020, Cape Town, South Africa, 23 — 25 November 2020.
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APPENDIX

The Developed Model of the Energy Management System

(Coaut

Prodacton == 510003
. e 510000; i '
wrrry. Producsen g

by Supply Lomdn = 1;
datng: fun: Managenert|Prodecien, SeC).

(S0 == 103) &3 (Production = S10000|
[Production <= 5100004

[IProduction == 510

1
(150G == 100) £& (Production » $16002|

[152C < 100) 82 Prcducsicn = 5100004

Rnchen
e MasagerrernProduction!, SoC1)

|
[Production == 530000

1
(Casac2

Rary
l wrdry: Batlery = 1;
(180 = 204

ertry: Production « 51000%;
duning Aunc Masagerment Wifeducsen, SeCy

ot > )

: 1 1

L T

Vo

\ HS=C < 20

1
[Prechucion < 510000 a2 [5G = 20}
wrtry: Supgly Losds = *;

="
funz Managunent1(Production!, SoC1)

.
13
KSeC = 20} BS=C < 20
(Canes I N
1
(Cames 1 o
1 ivoducicn == 200200()
chon '
iy ':m::n « 5!'.0:;.' N farction func MensgementAProdudion! )
dunng: barc_ Marsgeres 2 Prodecton); -
[Prechuchon = 200000)
: i
Prcductcn == 150200)
* Producion == 200000)
T Tarcion Tun:_Werapene i 0 Tosuae 1)
-y ry=1; '
durng: func Marsgemert{Producton | i
Producson < 150000 ) | l
(Production == S50020| : | :
[Prochuction = 150000) Prodacton = SE0000)
1
T 3 Prosuion
1 3 ek Supshy LowdS = 1; chon fun:_Managenerid( 1)
Production < 180000 &4 Producton == 150002 : i
|
s 4 [
|
[Prodecion » 150000 || SoC = 50 [Prochaction < 150000 8X SoC < 20|
(Casat 2
Producton
nky. Production < 150000, [Prechaction < 150020)
durng: fure unmmqmka
\ J
Production « 152002
~ >
/

121



