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Introduction

During the 1960s through the early 1970s, the cost of electrical power was kept nearly constant
around the world. The energy matrix was based on thermoelectric power plants that used coal or
fuel as primary sources. With the rising oil prices in the early 1970s, the cost of energy increased at
an average rate of 11-12% [1]. Later, in recent decades, low oil prices and the lack of large oil finds
meant that the present reserves of Algeria for oil and natural gas could only cover consumption at
this rate for the next 50 and 70 years in the case of oil and natural gas respectively [2].

The previous warning signs have forced the Algerian government to choose between pursuing
a strong renewable energy agenda or consuming its oil and gas export profits. Amid dramatic
upheavals in global energy, Algeria declared the transfer of its energy model to renewable energy
for the first time in over two decades and announced a comprehensive energy transition strategy as
part of its 2020 Five-Year Development Plan. The energy transition plan consists of three structural
elements: a new government ministry, regulatory reform, and the formation of a new "Algerian
Renewable Energy Company". Among the actions taken as part of the energy transition roadmap

by the new Ministry of Energy Transition and Renewable Energies [3]:

* Development of self-consumption of renewable energy in individual solar panels with stan-

dalone or grid-connected systems.

* Individual or centralized solar farms will be used to electrify remote areas with standalone

systems.

Microgrid energy systems are evolving as localized frameworks that combine various generat-
ing and storage components to allow electricity users to adjust their installed assets to meet local

needs. This category includes Hybrid Renewable Energy power generation Sources (H RES) like
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Solar Photovoltaic (PV') systems and Wind Turbine Generators (WWT'(), as well as future low or
zero emission power generation technologies such as Micro-turbines (M7T') and Fuel Cells (F'C's) .
These energy sources can be used in conjunction with Battery Energy Storage Systems (BESS) to
overcome the intermittent nature of H RE'S sources and increase system dependability and long-
term energy sustainability. Such systems can be used as standalone microgrids to electrify remote
locations that aren’t linked to the grid or in island mode. Then, determining the correct unit size
of available H RE'S supplies is necessary to ensure enough generating capacity. Whereas, if this
condition is not met, the islanded microgrid will suffer from some outages.

To overcome this limitation, a more focused attention on energy efficiency has arisen, with ex-
tensive studies conducted for this aim. Furthermore, to achieve optimal energy efficiency, microgrid
systems require an appropriate Energy Management System (FE M S) .

The proposal is focused on several control technologies of the actual £ M S system configura-
tion. Indeed, the need to adopt an M S control strategy is based on several steps and tools, such

as;

The operating power system’s architecture;

The control architecture is based on the proper control technique selection, which makes the

system robust and efficient;

» Using optimization tools to create a complete design and sizing of an electrical system;

The integration of hybrid power generation systems is an intriguing asset for better £ M .S

control, especially renewable energy sources.

It therefore seems essential to adopt an adequate control strategy that allows effective £MS. In
the same context, we further extend the £ M S in scheduling a microgrid’s operation by developing
advanced control tools for both achieving the power quality issues in the microgrid inverters by
effectively mitigating the Total Harmonic Distortion (7'H D) values and optimal power manage-
ment issues to ensure demand-response operation in the overall microgrid system. The thesis’ core
purposes are the previous two key £ M S goals, and four chapters are discussed in the thesis outline

to examine their impact on energy savings. The rest of this PhD thesis is organized as follows;



Chapter 1: This introduction chapter will take a descriptive approach to the investigation, pre-
senting a current state-of-the-art description of the research topic. The resource evaluation for
two chosen renewable energy sources (solar and wind) as primary microgrid supply components
is presented in section one. In addition, an examination of the many elements and problems of
integrating these resources into the microgrid is presented. Through evaluations of the existing
literature, section two focuses on the various configurations integrating H RE.S with Microgrid.
The third section will look at energy management in the chosen hybrid microgrid, with a focus on
power quality and management issues.

The chapter 2 introduces modeling of the selected microgrid with distributed H RE'S compo-
nents, with a focus on PV power system-based generation feeding the DC bus. The first section
goes over the mathematical model of the PV cell/array, the boost converter, and the Maximum
Power Point Tracker M P PT' algorithm in detail. An analysis of PV system models simulated in
MATLAB and Simulink with the goal of selecting an accurate model for building PV -based gen-
eration. The DC/AC interlinking three-phase Pulse Width Modulation P/ M inverter is presented
in the second section, where the (PW M) technique is presented and discussed, followed by the
entire state space model of the power filter system.

Chapter 3 provides a robustified voltage controller for the DC/AC inverter based on auto-
calibration of adjustable fractional weights to improve power quality. The first section uses liter-
ature reviews to address the issue of power quality. The second section covers the design of the
current loop’s sliding mode control and the outer loop’s voltage controller. The proposed robust
voltage control technique is described in the next section, which includes a full explanation of dif-
ferent forms of fractional weights. The chapter comes to a close with frequency and time domain
simulations, as well as a review of the control results that have been generated.

Finally, a robust Power Management Control (P M C') method for microgrid systems based on
a closed-loop fractional fuzzy controller is presented in the fourth chapter. the problematic of
PMC is presented in the first section with literature review. The second section contains a full
description and modeling of the system components, with the third section being the design of the
fractional fuzzy logic controller. The selected Social Spider Optimisation Algorithm (S.SQO) for the

optimisation parameters of the system is described in section four. The remaining two parts cover



the objective function and the discussion of simulation results.
This work will be concluded with a general conclusion, including a synthesis of the work carried

out, and some notes for future work will be noted.



Chapter 1

The State of the Art



1.1 Introduction

Recent environmental regulations have promoted the research of new energy sources due to the
rate of continued growth in global demand for electricity. Many industries and households have
oriented their focus on the use of renewable energy structures. However, in comparison to demand,
the rate of production from these sources remains modest. Under these circumstances, the produc-
tion of power plants based on renewable sources continues to expand, with various topologies for
generating electricity having been given in the literature, including the microgrid that is the subject
of this study. In order to study the microgrid components and structures, this chapter will present
definitions and terms that will be frequently referred to as microgrid topologies in the rest of this
thesis. Thus, we’ll start the chapter with a presentation of PV and wind as the primary renewable
energy sources, as well as the energy storage system. The integration of renewable energy sources,
as well as the restrictions and operating modes, energy conditioning, and interface, are explored
in the second section. The challenges that the energy management system encounters are then

outlined after the choice of distributed generation systems.

1.2 Future Prospects of Microgrids in Algeria

Algeria’s climate is characterized by several microclimates owing to its location on both sides of
a tropical zone. The climate is hot, sunny, and dry in the sahara, where the thermal amplitude
between day and night frequently exceeds 35 or 40 °C'. The coastal zone and Algerian Sahara are
characterized by extremely high wind speeds [4]. This means that both wind and solar energy are
extensively applicable all over the country.

The expansion of energy provided by renewable sources is Algeria’s national priority. So, solar
and wind energy have grown as more serious and efficient alternatives for increasing the overall
power system’s supply security and dependence on oil and gas as principal energy sources.

Since the 1970s, the government’s initiative program has pushed for the utilization of renewable
energy sources. In 2015, Algeria updated its Renewable Energy and Energy Efficiency Develop-
ment Plan for 2030. The program’s modified version plans to build 4,5 GW for of new plants by



2020, with a total capacity of 22 GW by 2030 [3]. However, until 2018, fossil fuels dominated the
energy mix (Figure 1.1) [5], with natural gas accounting for 63.8%, oil 35.4%, and coal 0.6%, and
renewable energies accounting for 0.1% (IEA, 2020a). Solar energy is currently positioned in the
first position, but now wind power production is also being strengthened (Figure 1.2) [5]. However,
it appears that what has been achieved so far in implementing renewable energy programs is very
modest.

80
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60 - — — — -

K —— OOOO0O0- = — — — -
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|
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Figure 1.1: Electricity Generation by Source (TWh), Algeria 1990-2018

In the past two years, the government has taken some significant measures to expedite the en-
ergy transition program’s execution. Beginning with the establishment of a Ministry of Energy
Transition and Renewable Energies to promote renewable energies and ensure the energy transition
program’s implementation. Furthermore, separating energy from the Ministry of Mines allows the
second ministry to concentrate on conventional energy’s principal activities. This will be followed
by the establishment of the National High School for Renewable Energies, Environment, and Sus-
tainable Development in June 2020, which will be responsible for ensuring high training, academic
research, and technological advancement in the fields and divisions of renewable energy [0].

Among the measures taken as part of the energy transition roadmap is electrifying remote ar-
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eas with standalone systems, which are not suitable economically and geographically to extend the
conventional networks’ power supplies to the remote areas [3]. For this reason, the creation of
microgrids for consumption will be an interesting solution to satistfy the growing rate of electric-
ity demand in remote and rural areas. The microgrid is part of the electrical system and is very
dynamic. It is also able to contribute to increasing energy conversion efficiency, transmission and
distribution.

Hence, the intermittent nature of renewable energy sources limits the development of sustain-
able microgrids. These limitations must be taken into account in the design and control of mi-
crogrids [7]. The importance of considering system operation and economic frameworks that are
geared toward the nature of intermittent / RE'S is growing [¢]. On the other hand, there are con-

cepts for microgrids that have been adapted from control methods used in other systems.

/ 117

o <\

655

| Oil Natural gas M Renewables M Wind Hydro M Solar

Figure 1.2: Electricity Generation (GWh), Algeria 2018

As a result, an assessment of Algeria’s establishment of microgrids in remote areas shows that
the government has recognized this as an important part of the energy transition. The plans in the
regulatory framework also show that Algeria has put energy efficiency measures into practice at the
political level. However, the target has not yet been achieved, which means that Algeria is in the

first phase of its energy transition.



1.3 Renewable Energy Sources

With the growth of power generation systems, environmentally friendly renewable energy sources
(such as photovoltaic devices and wind electric generators), clean and efficient fossil-fuel technolo-
gies (such as micro-gas turbines) and hydrogen electric devices (fuel cells) as scheduled energy
sources, there is an interest in clean and environmentally friendly practices. Furthermore, gas-fired
micro-turbines with outputs ranging from 25 to 100 KWW may be mass-produced at a low cost by
employing airbearing and recuperation to achieve respectable efficiency. In addition, fuel cells have
the potential to completely change power generation due to their zero-emission, high efficiency, and
dependability [9]. Hydrogen can be obtained directly from natural gas or regenerated from liquid
fuels such as alcohol or gasoline.

Renewable energy is electricity generated from naturally intermittent resources such as wind,
sunlight, tides, waves, and geothermal heat [10]. Recently, renewable energy has received a lot
of attention from researchers and governments because of its environmental benefits and resource
continuity. In this thesis, two intermittent energy sources, namely wind and the sun, will be as-
sessed. Because of increased fuel prices and the desire to reduce carbon emissions, solar and wind
power generation system applications are becoming more common [1 1, 12]. Within the current
electricity systems, Solar Photovoltaic (PV') and Wind Turbine Generator (/W 71'(G) have the fastest
growth rates of all renewable energy producing systems. Based on the variations of atmospheric
conditions, there is a widely acknowledged design strategy for the two source power systems. In

the next two subsections, two well-known preliminary design methodologies were explored.

1.3.1 Solar Photovoltaic System

The sun’s light energy is regarded as one of the most abundant and readily available energy sources.
It is a significant renewable energy source. The sun’s heat can also be captured as thermal energy
and used for solar-powered heating systems. The solar power conversion process is classified as
active or passive solar depending on the type of energy capture and delivery. The active solar tech-

nique makes use of Solar Photovoltaic (PV’) systems, Concentrated Solar Power (C'S P), and solar

10



heating systems, whilst the passive solar technique makes use of materials with thermal properties
and light dispersion properties.In practice, C'S P power system is the heat generated by the reflec-
tion of sunlight using mirrors and lenses [13]. The PV power system, which is discussed in this
work, is a conversion of photons to electric current. The energy held in photons from the sun is
absorbed by electrons in semiconductor materials, and electricity is created in the form of a DC
current. Typically, a single PV cell can typically provide 1 to 2 Watts of power, and it is linked in
series and parallel with other PV cells to create a PV module. Similarly, a group of PV modules
can be linked together to create a PV array.

Consequently, the power output of a PV module depends on the number of cells in the module,
the type of cells and the total surface area of the cells. Manufacturers rate all modules based on
their peak power under specified test circumstances. The goal of determining the maximum power
tracking of each cell, on the other hand, is to determine the maximum power tracking of the entire
PV array. However, each PV array is linked to others to form a PV module that is connected to

the grid via an inverter. The PV module output power can be expressed as [ 14],

Ppy = nS¢{1 — 0.005(T, + 25)} (1.1)

where 7(%) is the percentage of PV conversion efficiency, S (m?) is the area of the PV pan-
els.The power mainly depends on solar insolation and ambient temperature which are represented
by ¢ (k,/m?) and T, (°C) respectively. Due to its advantages, solar energy has become the most
promising alternative source for conventional power generation systems. Of these advantages, it is
faster in design and installation time, with noiseless operation and less maintenance due to its stable
structure, and, of course, global availability. However, the uses of a photovoltaic energy production
system are limited due to its high initial cost and low energy conversion efficiency. Fortunately, as
new technology makes them acceptable and attractive to renewable systems, this initial cost will be

lowered.
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1.3.2 Wind Turbine Generator

The wind is a free, clean, and inexhaustible energy source [15]. Winds arise from the uneven
heating of the atmosphere by the sun, the irregularities of the Earth’s surface, and the Earth’s
rotation. The land terrain and buildings modify the patterns and speed of wind flow through them.
When harvesting the wind flow by wind turbines, electricity can be generated. The terms "wind
energy" or "wind power" describe the process by which the wind is used to generate mechanical
power or electricity. Wind turbines convert the kinetic energy stored in the wind to electricity, which
is known as wind power. Wind power generation is now widely regarded as a viable alternative to
traditional power generation technologies [16].

A Wind Turbine Generator (WT'(7) is a complex electromechanical system formed by blades
that are connected to the rotor’s shaft. The blades capture the wind energy and transform it into
rotational mechanical energy in the shaft. It is linked to the electrical generator to generate electric-
ity. The amount of power generated depends on the speed of the upstream wind, turbine size, and
swept area. The air density and the cube of wind velocity are closely related to the energy yield of
a wind turbine. The WT'G mathematical model of the output power output is given by [16, 14] by

the following expression,

1
Pyt = 5pACV; (1.2)

where A,.(m?) and C, are the swept surface of a turbine’s blades and the coefficient of power,
respectively, and p (K G /m?) indicate air density, which is typically constant for a given installation
site. Wind speed is symbolised by V.

Horizontal Axis Wind Turbines (H AWT') and Vertical Axis Wind Turbines (V AW'T") are the
two main types of wind turbines. The H AWT”s blades rotate on an axis parallel to the ground,
as the name implies. V AWT refers to when the blades are positioned so that their rotating axis is
perpendicular to the ground. When compared to the VAWT, the HAW'T is capable of producing
more electricity. The reason for this is that the H AWT has a larger swept area than the VAWT.
As aresult, the HAWT is commonly used in commercial WT'Gs. VAW'T, on the other hand, is

employed for low-power applications [17].
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A resourceful tool must be present in order to quickly correct for power and load fluctuations
in order to maintain a constant balance between generation and demand. Thus, the utilization of
Battery Energy Storage System (5 ESS) units can be easily integrated by knowing the number of
batteries and the total power that release or absorb power. A BE'S'S system contains electrochemi-
cal cells for energy storage that can convert chemical energy into electricity. In the given proposed
structure, if the sum of power generation by solar arrays and wind turbines is greater than the load
demand, the excessive energy is stored in the battery. On the contrary, if the load demand is greater
than the produced energy from renewable units, the deficiency in load demand is compensated by
battery discharge. In charge/discharge mode, the amount of stored/dumped energy in the battery is
defined as follows :

Even though renewable energy has the potential to replace traditional energy sources in the
future, there is still some uncertainty about its cost and efficiency. Governments, associations, and
researchers have all put a lot of effort into overcoming these barriers. In fact, the type of the source
or variations in atmospheric conditions, such as solar irradiance and wind speed, have a significant

impact on renewable energy conversion efficiency, particularly solar and wind.

1.3.3 Integration of Renewable Energy Sources

In recent years, as the world has grown more cognizant of global warming, a market for integrating
renewable and green energy sources has emerged. Distributed generation is developing as a new
technology in deregulated power markets. In this context, the microgrid concept provides value
to Distributed Energy Resources (D E R) by aggregating them into autonomous grids. In addition,
as interest in large-scale integration grows, the concept of a microgrid has been proposed, which
combines power generation, storage, distribution, and consumption into a single network that uses
advanced regulating algorithms to link the supply of abundant renewable resources to the demand
of local consumers.

Microgrids that can run as isolated islands in critical operational circumstances are now con-
ceivable thanks to the smart grid. The restructuring facility integrates various technologies in the

areas of protection, control, and real-time pricing. Participants wishing to improve the dependabil-
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ity, sustainability, and capabilities of customer choices in energy systems can now use the smart
grid [18]. The central stone of modern energy model disputes is distributed or decentralized power
generation, as seen by smart electricity networks and electrical microgrids. These are typically
made up of a group of Distributed Generators (DG's) that can operate in isolated islands to supply
a group of electrical loads, or they can be connected to the common electricity network to support
part of the network’s electrical energy needs by injecting surplus, or all of the energy produced.
These microgrid applications may also eliminate the need for large-scale high-voltage line addi-
tions to transmit renewable energy across densely populated areas around the world. However,
I believe that changes in the electric power business will actually transform the way we supply
electricity from microgrids.

The applications of solar photovoltaic, which typically follow the daily demand profile for
power generation, on-site or local wind energy, and storage devices for microgrid installations,
might provide a cost-effective and long-term solution for supplying microgrid loads.

In real time, the energy from the microgrid is combined by multiple renewable energy genera-
tors and a range of energy storage technologies. Similarly, it can integrate a wide range of industrial
utilities and commercial loads. Figure 1.3 presents a case of the typical microgrid system. The sys-
tem contains two renewable energy sources: Solar Photovoltaic (PV’), Wind Turbine Generator
(WTG) and Battery Energy Storage System (BES.S). The term Hybrid Renewable Energy Sys-
tem (HRES) is used to describe the combination of two or more intermittent sources. This case
study gives an idea for energy management of a H RE'S by using locally available renewable en-
ergy resources. The design of the higher-level control algorithm that calculates the proper power
level to be generated and its split across the power sources is referred to as an Energy Management
System (£ M S) or Power Flow Controller (PFC') [19].

As aresult, a wide range of scholars are interested in integrating intermittent renewable energy
sources into microgrids. From the standpoint of reliable operation and control, the increasing inter-
est poses significant challenges. To handle these challenges, several methods have been offered to
overcome these difficulties based on designs, controls, and optimization techniques. In this disci-
pline, they provide the fundamentals of power electronics, control and sensor technology, computer

technology, and communication systems. Furthermore, researchers in this scenario confront a sig-
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nificant challenge in improving power quality and management while ensuring energy management

[20, 21, 22].

Figure 1.3: Energy management system.

1.4 Interfacing Renewable Energy Sources with Microgrid

The main goal of this project is to introduce F'M S into the control of HRES power systems.
Topological design is required in microgrid planning to assure certain features of £'M.S, such as
energy-saving and power quality, from various components of the H RE'S. Topology is a critical
problem in the proposed control since it depicts the dynamic process of underlying systems. The
challenge entails selecting the microgrid nodes where H RE'S generators should be placed for max-
imum efficiency, as well as optimizing the microgrid. We need to choose the topology of HRE'S
systems with dynamic process conveyables to develop control methods and accomplish the control
objectives. In reality, many recommendations in the literature are focused on bus configurations.
Thus, the microgrid can be categorized into three topologies: DC microgrid, AC microgrid, and
hybrid (AC/DC) microgrid [23, 24]. The three subgroups are presented with detailed descriptions

as follows:
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1.4.1 DC Microgrid

It’s a typical structure with a single DC bus (Figure 1.4) that connects all sources and DC loads via
their respective converters. Through DC/AC converters, the DC bus is connected to the AC loads
[25, 26]. Several publications in the selection adapted this type of configuration. They defend their
decision by claiming that the DC design is more efficient, less expensive, occupies less space, has
a lower lifetime cost and is more reliable. Furthermore, because only voltage stability is addressed,
employing a DC setup helps to avoid the frequency violation problem. However, this setup has a
number of drawbacks. In reality, the battery with bidirectional inverter is responsible for delivering
the power in a DC-bus system. The capacity of resources exceeds the capacity of the battery

at the generated peak energy, resulting in a loss of generated energy and restricting the system’s
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Figure 1.4: DC microgrid.
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1.4.2 AC Microgrid

Consists of a centralized AC bus that can manage a high number of AC loads and sources As illus-

trated in Figure 1.5. It offers an AC medium for regulating the interactions of various components
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[26]. The DC components are linked to the AC bus through DC/AC converters. For example, PV
panels are linked to the AC bus via an AC inverter and the batteries are connected via a bidirectional
converter or a paralleled inverter and rectifier in such systems. The centralized AC arrangements
operate at a greater operating voltage, resulting in lower wire cable losses [27]. Moreover, unlike
DC arrangements, H RES may give direct power to consumers. By minimizing the number of
charge/discharge cycles the battery’s projected lifetime is increased and the DE R is better used.
Nonetheless, this design necessitates additional safety precautions (e.g., frequency stabilization)
which makes the installation cost slightly higher than that of the DC configuration. Compared to

the latter, the fewest papers have adopted the AC configuration.
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Figure 1.5: AC microgrid.

1.4.3 Hybrid Microgrid

The last and the newest configuration is a hybrid DC/AC coupling bus configuration. As illus-
trated in Figure 1.6, this bus configuration consists of two main buses: a DC bus connecting the
sources and an AC bus connecting the loads. Using a bidirectional inverter, the two buses are linked

together. Because it is feasible with many sorts of loads and sources, this arrangement has the ad-
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vantage of benefiting from both prior setups . However, every component is linked to either the
DC or the AC bus, depending on its technical purpose it needs minimal conversion requirements
and fewer power converters, resulting in lower system costs. Yet, such a design necessitates more
cooperation between DC and AC buses in terms of control approach. In reality, bus voltage (and

frequency) activities that are synchronized must be considered [20].
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While determining the kind of microgrid, the loads and sources must be considered [28]. Com-

Figure 1.6: Hybrid microgrid.

pared to conventional power systems, AC microgrids have been built first, and a number of studies
have been conducted, notably on the question of power sharing of parallel-connected sources [29].
Since there are many renewable energy sources that generate DC power or need a DC link for grid
connection, and as a result of increasing modern DC loads, DC microgrids have recently emerged
for their benefits in terms of efficiency, cost, and systems that can eliminate the DC-AC or AC-DC
power conversion stages and their associated energy losses [30, 28]. However, since the majority
of the power grids are presently AC, AC microgrids are still dominant, and purely DC microgrids
are not expected to emerge exclusively on power grids. Consequently, DC microgrids are prone
to being developed in AC types even though they are subordinate. To the best of our knowledge,
the idea of a combination of both configurations gives an enhanced structure that incorporates the

primary advantages of both AC and DC designs [31]. In most cases, a hybrid microgrid is used
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to eliminate the need for many AC/DC converters [31, 32]. However, with fewer converters, the
hybrid microgrid’s costs and losses are lower [33].

As a result, this configuration requires additional research and effort to be integrated into the
main grid. Primarily, the thesis will focus on this topology, with future trends showing identifica-

tion, modeling, design, and control structures.

1.5 Energy Management in Microgrid

Energy management is essentially a multiobjective optimization problem [34]. The EMS is pri-
marily concerned with lowering operational costs [35]. However, unlike conventional electricity
power systems, it is complex to design a reliable and robust £ M .S schemes. Therefore, consid-
ering the many control tasks involved in the operation of a microgrid, a hierarchical approach has
been used for building microgrid control systems. The hierarchical control structure’s goal is to
better manage the installation more precisely by providing more robustness to the microgrid. As
shown in Figure 1.7, EMS in microgrids with hierarchical control structures may be split into
three control layers: primary, secondary, and tertiary. The primary control layer, also known as
the local control layer, is responsible for tracking local voltage, frequency, and current references
and power sharing control. The secondary control layer, also known as E'M S, is responsible for
the microgrid’s reliable and cost-effective operation by supervisory controllers for frequency, volt-
age, re-dispatching the generation, adjusting BES'S charging and discharging, curtailing surplus
renewable power, or shifting/shedding controllable loads. Besides, the secondary control is also
used to compensate the deviation in frequency and voltage caused by the primary control [36, 37].
Indeed, it provides the greatest degree of hierarchical control of isolated microgrids with access to
all the required information in the microgrid [38]. The tertiary control layer is the highest level in
the control hierarchy of grid-connected microgrids. Energy management at the tertiary-level can be
achieved by involving the optimization of power import/export transactions between the microgrid
and the utility grid, as well as between the microgrid and other nearby microgrids. The tertiary
controller and the KM .S can be combined to create a control architecture with only two levels.

The review of the most popular £M S discloses the third control layer [39]. Furthermore, a large
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amount of control research has been carried out on secondary control layer as a solution to KM S

schemes.

1.5.1 System Under Study

The focus is to build a dynamic simulation model of a H RE'S distributed generation system and
apply a control approach to this model with better active power quality and minimum delivered
energy cost [40]. At present, the topology of a typical hybrid microgrid is shown in the Figure
1.7. In the proposed architecture, a three-stage topology in grid-connected mode is designed to
overcome the challenges posed by energy-saving strategies. Other designs are also possible using
many methods for energy generation, transmission, and distribution. The architecture is essentially
the same as in Figure 1.6 of the hybrid microgrid. We use the term "bus" because these points of

interconnection are copper bars that connect elements of the hybrid microgrid [41].

Figure 1.7: Proposed hybrid microgrid control topology.

Various DG units, such as PV, WTG, and BESS, are included in the first stage, and their
outputs are connected to a common DC bus. A three-phase converter is used to convert the DC bus
power to an AC bus in the second step. The utility grid and loads are included in the third stage. In

this architecture, the section of the system connected to the local utility has a synchronized power
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system frequency, and the AC bus has an inverter frequency. In fact, transmitting a large amount
of power from sources to lines at low voltages would result in a significant loss of power. In this
scenario, we must increase the voltage while decreasing the current. This problem was solved using
power transformers [29]. For example, in the topology of an AC microgrid, any H RE'S unit needs
a transformer to step up the voltage from the DC/AC converter to the AC bus, unlike the case of a
hybrid microgrid. The drawback is that the transformers are bulky, heavy, and costly components.

In the first stage, three subsystems have been built to allocate energy from DGs to the DC bus.
The first subsystem is a PV -based generation system that uses an equation-based one-diode PV
cell model. Using a boost converter, the PV panels’ output is increased to the appropriate level.
The Maximum Power Point (M P P) is tracked using the Perturb and Observe (P&O) method. The
second subsystem is made up of a WT'G that is chosen for modeling. The AC output voltage from
wind turbines is converted to DC, and the DC voltage is then boosted to the necessary level using
an M P PT-controlled boost converter. In the last subsystem, the energy storage device BES'S has
four states: charging, discharging, standby state under unsaturated conditions, and the microgrid
system’s excess energy is fed back into the public grid.

The AC and DC buses are connected by a three-phase inverter that generates three-phase al-
ternating voltage and current at a fixed frequency of 50 or 60 cycles per second at low standard
voltages ranging from 208 to 600 V' for three-phase. Furthermore, the inverter must have active
power filter capabilities to compensate for the effect of harmonically corrupted load current/voltage
by pumping compensatory current into the power system via real-time control. The objective of
these controls is to have the line current/voltage be as sinusoidal as feasible. The attached tiny
capacitors are added to the load side to offer further harmonics filtering and load voltage stability.
Here, the distribution transformer is linked to the inverter’s output side. Interconnected mode is
also utilized to enhance and improve the power grid’s resilience for steady operation and cost re-
duction. In this topology, the output voltage and frequency are directly dependent on the DC bus
voltage, inverter control, and load changes.

In grid-connected mode, the inverter gets its reference voltage and frequency from the grid.
Hence, it is a challenging task to maintain these variables constant while managing the KM S

scheme. The inverter’s control implementation must be centered on the power quality problem.
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This may be accomplished by proposing a DG-inverter-based control approach ready to satisfy
EM S purposes. In short, in order to keep the system stable, the dynamic response of the proper
controller for the DG inverter must be well-defined. Furthermore, the employment of Pulse Width
Modulation (PW M) technology as part of the inverter controls allows the control of load frequency
and voltage. Finally, to remove undesirable harmonics, stabilizing compensator control of the AC
bus voltage is needed. Such a study will help researchers better understand the D(G-connected
inverter’s control potential and its role in energy saving. To further understand and clarify the
control methodology, it’s helpful to look at earlier research that used different £ M S methods to
improve the power quality in the presence of unwanted harmonics.

Controlling the balance between consumption and supply is a substantial problem for dis-
tributed generation (D(G's) systems, especially for H RES systems, due to the high imbalance in
the generation energy sources, uncertainty of weather and demand circumstances. Here again, we
need to develop a Power Management Controller (PM (') strategy to mitigate the power oscilla-
tions and maintain stability [42]. Therefore, it’s a necessity to update traditional control strategies
to maximize the power conversion from H RE.S components by improving the system’s dynamics
response and verifying the £ M .S purposes. The development of this control system technology is
vital to ensure a sustainable hybrid microgrid with a significant renewable energy supply contribu-
tion. The same problem needs to be investigated with a comprehensive overview of H RE'S with
an emphasis on performance for a wide range of power system operating conditions.

Thus, the EM S system has two categories of controllers that operate in parallel and are used
for energy-saving purposes in the hybrid microgrid power system. A literature review in-depth
attention to existing solutions and specific problems will be given within the scope of research as

mentioned above.

1.6 Overview on Control of Microgrid

The role of voltage control of the interlinking DC/AC inverte in islanded microgrid mode is to
provide better quality power to the local loads using a variety of control techniques, including state

feedback control, robust control, sliding mode control, and fractional P/ D control. On the other

22



hand, the hybride fractional fuzzy logic controller will be employed for power management. For
the reader’s convenience, we will quickly describe some of the basic ideas and notions of these

controls that will be needed in this work.

1.6.1 State Feedback Control

The inverter voltage was controlled using standard linear control theory. One method relies on an
analog control algorithm based on a transfer function model and a canonical lead-lag compensator.
A state-space-model-based state feedback control approach is an extension of this strategy. To
obtain optimal performance, this technique adds a linear quadratic index to classic linear state

feedback control.

1.6.2 Standard H_., Control

A robust H, control for uncertain linear systems utilizing a basic state-space approach may be
formulated for controller handling [43]. In some circumstances, the H, based on loop-shaping for
robust controller design approach does not function well under nonlinear load, severely limiting its
use in voltage control of an inverter with fluctuating loads and system uncertainty. The addition
of the structured singular value (1) notion allows one to assess the system’s stability under the
worst-case perturbation scenario. In the voltage control, both H ., loop-shaping and p-analysis
approaches are used without parametric uncertainty, which weakens the system [44].

Thus, the H ., design approach can be used to improve the robust stability of an inverter control

in the presence of model uncertainty and load disturbance using advanced control approaches.

1.6.3 Sliding Mode Control (SMC)

SMC has been used in a wide range of applications, including robotics, power control, aerospace,
and process control. The SM(C”s most notable feature is its sensitivity to parameter changes and
external disturbances. Many scholars have recently been interested in discrete-time S M C' research
[45]. The chattering problem is, however, one of its significant drawbacks in practical usage. Sev-

eral strategies for eliminating this phenomenon in SM C' have been proposed [46]. Because of its
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order reduction characteristics and low sensitivity to disturbances and plant parameter variations,
SMC is an effective instrument for regulating the current of inverter with discrete control of com-
plex high-order dynamic plant operating under uncertainties. In this technique, the control variable

in each sampling period is calculated based on the plant model and feedback quantities.

1.6.4 Fractional PID Control

Fractional PID is an extension of regular integral calculus (P D) to non-integer case. In compar-
ison, fractional controller is adequate and natural to fully characterize many physical phenomena
[47]. In general, the extra degrees of freedom from the use of fractional-order integrator and differ-
entiator could further enhance the control performance compared with that of traditional integer-
order controller. Noticing, the implementation F'OPI D controller needs to approximate its frac-
tional part of powers by the usual integer transfer functions with a similar behavior. The method is
based on approximating of laplacien non-integer exponential in a specified frequency range [48].
The transfer function and approximation manner are well presented in the appendix A.

This is a classical method of voltage control of an inverter based on proportional-integral (PI)
regulation to track sinusoidally varying inputs. Since a PI D controller only guarantees zero steady-
state error under DC reference input, this control technique cannot be convincing in control per-
formance. This method has been extended by using fractional control to compensat the classical
model. So that the control design has to be able to handle arbitrary input, which is possible yield to

a good control performance for microgrid applications.

1.6.5 Fuzzy Logic Control

Fuzzy logic control is a system that evaluates analog control input in terms of logical variables and
maps them to fuzzy sets, which are continuous values between O and 1. There are three primary
components to a fuzzy controller procedure. The first of them is fuzzification, which processes and
fuzzifies inputs using defined membership functions. The second element, the rule-based inference
system, uses these fuzzified inputs. To create a fuzzy response, this system employs previously

stated linguistic rules. In the final step, called defuzzification, the fuzzy response is defuzzified. As
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a result of this procedure, a real number will be produced.

Easy implementation, flexibility, tolerance of imprecise input, nonlinear functions may be mod-
elled for arbitrary complicated control, the ability to mix with traditional control systems, and the
fact that it is based on natural communication [46]. These are all reasons to choose a fuzzy logic

controller in the power management system.

1.7 Conclusion

The themes developed during this chapter have made it possible to situate the context of the thesis
work. Indeed, a first step was devoted to the future prospects of microgrids in Algeria as a solution
to the energy transition. The second step was devoted to the study of microgrid H RES compo-
nents. It has been highlighted that these sources of generation provide better solutions in response
to the increase in energy needs, socio-economic requirements, and environmental concerns. A third
step was, moreover, devoted to the description of topologies for interfacing these sources. In this
direction, a hybrid microgrid was selected as the best solution, taking into account many consider-
ations. Also, several layers of control are envisaged. Finally, in the scope of the research on control
techniques in microgrid systems, we have given a brief overview of some of them that will be used

later.
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Chapter 2

Modeling of the Hybrid Renewable Energy
System
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2.1 Introduction

In this chapter, the distributed renewable energy generation system in the hybrid microgrid will
be addressed. However, special attention will be given to the PV system. In the first section, a
detailed model has to be developed and validated based on the specification parameters of the PV
panel. The requirements dictate the type selection and sizing of the DC/DC boost converter, which
integrates the PV array into the DC bus. Further, discussing the calculation of the parameters of
each PV system component, such as the one-diode PV panel, PV array, and boost converter, will
also be discussed in this part. The DC/AC converter is then introduced in the following section,
which includes a detailed presentation of the PWW M technique and a full steady-state model of the

power filter.

2.2 Modeling of the Distributed Renewable Energy Generation
System

Considering the above surveys, an energy management structure is recommended for this work.
The under-study H RES system is a crossbreed of PV arrays, wind turbine and battery, as shown
in Figure 1.7. The power from renewable sources is transferred to the DC bus system through power
inverters. The common DC bus system is utilised in order to integrate the distributed generation
along with the energy storage system. Moreover, PV arrays are connected to a DC bus viaa DC/DC
converter, which can be utilized to enable best energy management control of grid-connected PV
system. In this system, to control the power and voltage on the boost output, Maximum Power
Point Tracking (M P PT') methodology can be used for voltage amplification and to maintain a
constant PV voltage in the event of partial shading. The Wind Turbine Generator (WT'G) is linked
to a DC bus system through an AC/DC converter. To get the required DC link voltage at a desired
value, the rectifier is needed. In addition, the Battery Energy Storage System (BFES'S) consists of
a battery bank and a bidirectional DC/DC converter for the power transition. This chain is used

to compensate the system load power deficiencies and improve the system reliability. The BESS
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system will store energy in case of production excess and will be an energy source in order to
provide a continuous load supply. The DGs systems are then connected to DC/AC inverter to
supply installed loads (buildings, industrial customers, electric vehicles,...) and electricity network.
Its transition from a DC bus to an AC bus system is achieved through a 3-phases voltage converter
with an associated power filter and a A-Y" transformer.

In order to develop a correct component-based model of the hybrid microgrid system, it is there-
fore necessary to model the conversion of energy component by component in order to investigate
the performance of the overall system. The primary goal of this section is to examine the solar sys-
tem’s interface with the load via power electronics inverters. Accordingly, a full component-based

model of a PV system includes a boost inverter connected to a three-phase DC/AC inverter.

A NS AN

Figure 2.1: Structure of dual stage PV system

DC Bus AC Bus

N

Figure 2.1 shows the block chain of the PV system where the DC/AC inverter and boost are
linked to the DC bus and AC bus, respectively. The inverters are linked by input and output voltage
controls where the boost inverter keeps the output voltage constant by maximising the boost output
DC power before the DC bus. The three-phase inverter with PWW M technique and the additional
function of a power filter are used to interconnect the PV system model to the load. Typically, a
grid-connected inverter will have an influence on the generators’ (PV, wind turbine) power output
and has to be considered during the analysis and modelling of the PV performance. Similarly,
wind energy and battery systems can be interfaced with the DC bus using the same methodology
as in the study on the modelling and designing of the PV system.

In the next step, methodology of the study is focused on the modelling and designing of the PV’

system components.
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2.3 Model of Photovoltaic System

As explained in the previous chapter, there are numerous ways to connect the solar panel. In the
configuration shown in Figure 2.1, the boost inverter is used to interface the PV array with the DC
bus. In this technical section, the photovoltaic chain will be focused on the boost converter with a
maximum power point controller, which is utilized to track the PV’s M P P. The overall subsystem

structure is depicted in Figure 2.2.

PV module DC/DC Boost Converter DC Bus

Figure 2.2: Schematic of PV system with boost converter

This topology allows us to examine the effectiveness of the maximum power point control
mechanism as well as the PV’s ability to achieve maximum power at different temperatures and
irradiance. On the other hand, the structure depicted in Figure 2.1 is composed of the DC/DC and
DC/AC inverters to connect the PV array to the AC bus.

It should be mentioned that a PV module is made up of a series or parallel connection of cells.
To create a PV array, PV modules are joined in series and in parallel. As a result, the values of
different parameters characteristic of the PV’ cells are obtained while using the basic description of
the equivalent circuit of the PV cells to build the mathematical model of the PV array. The solar
module’s manufacturer provides the additional characteristics required to simulate the solar cells.
The datasheet that offers the electrical properties is computed under standard test conditions when

the temperature is 25 °C and the irradiance is 1000 W /m? [49].
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2.3.1 Modeling of Photovoltaic Array

A photovoltaic cell (PV cell) is a semiconductor p-n junction that converts sunlight to electrical
power. To model a PV cell, we must first assess the impact of various factors on the solar panels, as
well as take into account the parameters listed in the datasheet by the manufacturers. An electrical
equivalent of a one-diode, resistance series 7, and resistance parallel 7, is generally used to

represent a PV cell.
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Figure 2.3: One diode model of the solar cell

Figure 2.3 depicts the PV cell’s one-diode equivalent model, where G,(W/m?) is the irradiance
from the sunlight, 7.(kK) is the cell temperature, /,, is the photon current produced by the solar
cell, I, is the diode current given by Shockley equation, I, is the current leak in parallel resistor
and /, V' are the output current and voltage of the PV cell, respectively.

By applying Kirchhoff’s law, the output current of the PV cell will be obtained by the equation,
I=1,—-1;-1, (2.1)

According to the equation 2.1, the output current of a PV module containing N; cells in series will
be [50, 51]:

(2.2)

V 4+ R,I %4 i
I=1,,—1 {emp(—i_—) —1} —+—R

Via R,
where I, is the leakage current of the diode or reverse saturation of the PV module. The ther-
mal voltage of the module is defined by V; = NkT/q (V) where k is the Boltzmann constant

[ 1.3806503 * 1072 J/K] , T(K) is the temperature of the p-n junction, ¢ is the electron charge
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[ 1.60217646 * 1071°C| and a is the diode ideality constant (¢ = 1 for an ideal diode). In 2.2,
R, and R, are the equivalent series and parallel resistances of the PV’ module, and their equiv-
alent values for a PV array are RS%—; and Rp%; respectively, where NV, denotes the number of
parallel connections between PV cells. In addition to the series and parallel resistances, the photo-
voltaic and saturation currents of the array may be determined by the expressions: I, = Ip cei1Nps
Iy = Iy ceuNp, where N, denotes the number of parallel connections between PV cells.

The fundamental equation 2.2 represents the nonlinear / — V' characteristic of a practical PV
array. The parameters of this equation are difficult to establish. However, this model has the
greatest fit with experimental data. The number of parameters varies based on the model used and
the searchers’ assumptions. The single-diode model is ideal for power electronics designers who
want to simulate photovoltaic systems with power converters in a simple and practical way.

Photovoltaic array manufacturers provide only a few experimental data about electrical and
thermal characteristics instead of the I-V equation. For example, according to the specs listed in
the datasheet of BP-MSX-120 PV aray (see Appendix B) [52], it has 72 solar cells (silicon nitride
multicrystalline) in series and provides 120 W of nominal maximum power. The voltage at the
maximum power point is 33.7 V, and the current supplied is 3.56 A [53]. Table 2.1 lists the typical

electrical characteristics of the BP-MSX-120 module, which are necessary for modeling the PV

array.

Table 2.1: BP MSX120 datasheet at STC.

Parameters Values

Short circuit current /. 387 A

Open circuit voltage V. 421V
Current at maximum power point [y, pp 356 A
Voltage at maximum power point Vy;pp 337V
Number of cells in series [V, 72
Temperature coefficient of /. (0.065+0.015)% °C
Temperature coefficient of V. -(80+10) mV/°C
Maximum power P, 120 W
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The included PV module datasheets is usually presented in terms of nominal or standard test
conditions for temperature and solar irradiation (S7'C'). Unfortunately, some of the parameters
needed to adjust photovoltaic array models, such as the light-generated or photovoltaic current I,
the series and parallel resistances ([2;, I?;,), the diode ideality constant "a" and the diode reverse
saturation current /. For an analytical solution to these five parameters, I-V curves for various
irradiance and temperature settings are provided by several manufacturers. These curves make
tuning and checking the required mathematical equation much easier. Essentially, this is all the
information available from the PV array datasheets. In the proposed PV power system, a PV
array of 100 BP-MSX-120 modules has 10 parallel connections of 10 module strings connected in
series. Each module has a nominal power of 120 1/, resulting in a maximum power output of 12
KW and an output voltage of 337 V. The parameters of a 12 K'WW PV panel are listed in Table
2.2.

Table 2.2: Characteristics of 12 kW PV array.

Parameters Values
Number of modules in a string series N 10
Number of modules in a string parallel [V, 10
Output voltage rating 337V
Output current rating 356 A
Maximum power output 12 KW

The specification parameters of the BP-MSX-120 module and the 12 KWW PV array are given
in Table 2.3.
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Table 2.3: PV module/array parameters values at STC

Parameters || Module | Array
Ly (A) 3.8713 | 38.71
Iy (nA) 0.323 3.23
a 1.3977 | 1.3977
R () 0.473 0.18
R, () 1367 520

Simulink was used to simulate the PV array, which was based on the model from [51]. The
first setup is used to determine the PV array’s (I-V) curve characteristics and display the maximum
power point. The data from the manufacturers was then compared to the depicted curves. The

model’s output characteristic curves must match the PV panel’s characteristics.
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Figure 2.4: V-1 and V-P curves of PV panel.

The (I-V) characteristics of the BP-MSX-120 PV module are shown in Figure 2.4a. It should
be noted that the nonlinear curve highlights three points: short circuit (0, /;.), maximum power
point (V,,,,, I,,), and open circuit open-circuit (V,., 0). The values of the parameters I,. = 3.87 A

and V. = 33.7 V are identical to the manufacturer’s values in Table 2.1.
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Figure 2.5: V-I and V-P curves of PV array.

Thus, there exists a unique operating point on the (V-I) curve known as the Maximum Power
Point (M P P) on the array characteristics. As a result, special techniques are required to keep the

PV array operating at the M P P using calculation models and search algorithms [54].

2.3.2 DC/DC Boost converter stage

In the hybrid microgrid system, the DC-DC converters are required to step up or down the DC bus
voltage. The microgrid architecture presents different types of renewable energy sources that can
operate either in DC by their operation or by including a DC bus. In our case, the boost converter
is placed between the PV source and the DC bus in the PV power system. The DC/DC stage’s
main purpose is to step up the PV’s low DC voltage input into a higher DC voltage output. Also,
the boost converter is commonly used to locate the PV array’s ultimate point of power. Figure 2.6
depicts the boost converter circuit’s topology.

The boost converter can operate in two modes: Continuous Conduction Mode (C'C' M) and Dis-
continuous Conduction Mode (DC'M). The mode of conduction is determined by the energy stor-
age capacity as well as the switching time frame. The duty cycle affects the output voltage, which
is regulated by the maximum power controller. The Maximum Power Point Tracker (M PPT') ad-
justs the PV voltage at the maximum power point using a DC/DC converter. As depicted in the

figure, the DC input voltage V/, is in series with an inductor L, which works as a current source.
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The switch is connected in parallel with the current source, which cycles on and off, supplying en-

ergy from the inductor and source to raise the average output voltage. C,, is the power decoupling

capacitor that is connected in parallel with the PV array. To compensate for variations in the PV"’s

output voltage, a DC link capacitor C,,; is added between the PV and the inverter. Furthermore,

the C,,; capacitor is big enough to maintain a constant output voltage, and the inductor delivers

energy while the switch is open, boosting the voltage across the load.

PV module ) MPPT — PWM

L— >

DC/]B)C Boost Converter

Figure 2.6: Block diagram of PV system with MPPT algorithm

DC Bus

The voltage ratio for a boost converter is calculated using the assumption that the time integral

of the inductor voltage is zero during the switching time. The voltage ratio refers to the ratio of the

switch’s switching period to its off time. Then, as a function of duty cycle, the relationship between

the output voltage and the input voltage is;

Ve T 1
Voo Tosy 1-D

where,
Ty: total switching period,
T5¢¢: switching off of the IGBT,

D: duty cycle.

(2.3)

As indicated in 2.3, the output voltage of the converter is always higher than its input voltage.
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Assuming that we want to realize a boost converter under a nominal input voltage of V,,, =
Vinp = 337V to have a nominal output voltage of V. = 540V. The duty cycle is obtained from 2.3

as:

Viw
D=1--2=0.3759 (2.4)
Vdc

The maximum inductor current at maximum input power is used to determine the inductor. The

value of the boost converter’s inductance is given by;

fs|A]Lripple|

(2.5)
Vi.: maximum of the dc component of the output voltage,

D: duty cycle of the switch at maximum converter input power,

fs: switching frequency,

Alfrippie: ripple current of the inductor.

Considering an ideal converter without losses, the output power tends to be the same as the input

power. The output current can be expressed as;

P, 12000
I, =2 =227 92924 2.6
ey T 540 (2.6)

The volume of the inductor and their current ripples can be decreased by increasing the switching
frequency. Assuming a peak ripple current through the inductor of 10% at a 10 KHz switching

frequency, we find;
540 % 0.3759(1 — 0.3759)

L>
104 % 35.6 x 0.1

= 1.8uH (2.7)
The input capacitor C),, of the boost converter is determined as;

Lom D},
pr 2
0.02(1 = D) fs Vv

(2.8)

I, output current at maximum output power,
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|74 : PV output voltage at maximum power point.

PUmpp*

Finally, the parallel capacitor’s value is determined by the minimum ripple voltage AV,. It is
represented as follows;
Va.D

Cooe 2 ——— 2.9
a fsAVchload ( )

The PV array’s output voltage is affected by temperature and insolation changes. Cjy. plays a
significant role in the lowering of voltage ripple and enables energy storage for a limited period of

time and rapid voltage changes.

2.3.3 Searching MPPT algorithm

A number of researchers have worked on H RE'S power systems in terms of enhancing the M PPT
tracking algorithm, optimal PV -wind or combination of H RE'S source placement, £/ M S systems,
and optimization strategies for H RE.S system size. The M PP functioning of a PV generating
station is used to determine the final design of a PV system.

Figure 2.3 presents the implementation of the overall system, which consists of a PV panel,
boost converter, M PPT' controller, and gate drive when the system is connected to a DC bus. Ac-
cordingly, various M P P71 algorithms have been published in the literature depending on the ap-
plication, with differences in various parameters such as algorithm complexity, necessary sensors,
convergence speed, and the need for periodic controller tuning [55]. The most well-known M P PT
algorithms are Perturb & Observe (P&O) [56], Hill Climbing [57], and Incremental Conductance
(IncCond) [58]. Both algorithms, P&O and Hill Climbing, use the same fundamental strategy. In
the Hill Climbing method, the duty ratio is the perturbation, whereas the voltage is the perturbation
for the P&O algorithm. Basically, adjusting the duty cycle leads to a change in the current, which
causes the voltage array to also be perturbed. Because of its simplicity and general nature, the P&O
algorithm is perhaps the most commonly used M P PT method today. To further comprehend the
M PPT algorithm’s performance with PV systems, we’ll briefly review the principle through the
P&O method. In the conventional P&O method, the voltage and current are measured, and the
M PPT controller determines the voltage reference. In addition, the output voltage presents the

reference given by (V,..). The difference between V.. and measured V), voltage presents the input
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of the PI regulator. For each step, the M PPT controller reads the voltage and current of the PV

generator output to determine the PW M signals for the boost converter.

( START )

4
/ Measure I, Vi, /

\

AP=P,— P AV =V, — Vi,

- .

Yes* *Yes
N
Y

| |
0 No
v

Y

D=D-AD D=D+AD D=D-AD D=D+AD

A

( RETURN )

Figure 2.7: Flow chart of P&O MPPT algorithm

The P&O method’s operating concept is represented in Figure 2.7. When operating on the
left side of the M PP, it can be seen that incrementing (decrementing) the PV voltage increases
(decreases) the PV’s power. On the right of M PP, incrementing (decrementing) the voltage
reduces (raises) the power. With this strategy, the system oscillates around the M P P point. Under
fast variations in irradiation, the process decrements or increments might fail in this case. If the
irradiance suddenly increases, the operating point of the PV array system diverges away from
M PP [59]. To address these issues, improved P&O M P PT methods are used, including reduced

perturbation step size, variable step size, three point weight comparison methods, and optimized
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sampling rate.

2.4 Modeling of the DG-Connected Inverter

The power circuit layout of the recommended three-phase PW M voltage source inverter is shown
in Figure 2.8. For hybrid microgrid interface applications, this is the most common inverter archi-
tecture. The DG-connected inverter system consists of a three-phases voltage converter with L — C'
filter and a A-Y transformer. Small capacitors Cj,.q at the load side to provide further harmonics
filtering and stabilization of the load voltages. The line-to-neutral load voltages are denoted as Vioad
and load currents fzoad , the line-to-line inverter filter capacitor voltages are denoted as Vf and the
inverter currents are denoted as ff The DG bus voltage through the individual inverter is assumed
to be an ideal DC' voltage source. The leakage inductance L;, series resistance R; and currents

—

I, are the secondary winding parameters [60, 61].The control technique developed in this work

is based on the technique proposed by Marwali [62].

RN ey T
Vie < ‘?J E—W \A/<9 Cload — :: Il:
A o I\ N 74!
o l | e A

PWM Active Power Filter V; A-Y Transformer Load Vj,u4

Figure 2.8: Power converter system.

2.4.1 Space Vector PWM Technique

Different types of three-phase inverters are used to interface the H RE'S system in the hybrid micro-
grid in the presence of AC and DC buses. In The three-phase inverters, the pulse width modulation
(PW M) technique is the most commonly employed method for in power electronics for modu-

lating high-power voltage or current waveforms using low-power signals. The three-phase PWW M
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voltage source inverter is designed for interfacing solar power system and its DC bus output voltage
discuted in the previous subsection.

Figure 2.9 shows a schematic illustration of a typical three-phase voltage-source inverter sys-
tem. Six semiconductor switches, such as IGBT's and MOSF ET's, are utilized in the switching
devices, along with anti-parallel diodes for protection. In a small dead band between two switching
devices on one leg, two power switches are employed. Each phase output voltage is connected to
the midpoint of each inverter leg. The output voltage is shaped by the switches S; to Sg, which
are controlled by the switching settings. As a consequence, the output voltage may be calculated
using the ON and OFF states of the upper inverter switches S, S3, and S5. As a result of the com-
bined switching of these three switches, eight possible output voltage vector states are accessible
depending on the switching states. Notice that the ON and OFF states of the lower power switches

are opposite to the upper ones.

TR
SIS IS

Figure 2.9: Three-phase voltage source PWM inverter.

Ve

The node voltage oscillates between the upper and lower DC bus voltages by turning on the
upper and lower switches alternately. The output voltages of each leg are V,,,, V;,, and V,,, with
"n" referring to the negative DC bus voltage determined from the DC bus voltage, V., and the
switch positions.

Table 2.4 shows the eight inverter output voltage vectors (V0 to V'7), as well as phase and

line-to-line voltages in terms of normalized DC bus voltage V..
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Table 2.4: PWM Output voltage

Voltage || Switching || Line to neutral Line to line
vectors states voltage voltage
a|b | c || Van| Vin | Ven| Vav | Vo | Vea
\%! 10O 2 |—=3|—3|| 1 ]0]-1
V2 Lo s |35 |-2]0]1]-1
V3 o1} 0| -3 2 |—3-1]1]0
V4 O[1| 1| —=2] 35|35 |-1]0]1
V5 010 1| —5|—-3] 210 -1]1
V6 Ljoj 1| & |-2|1 1 |-1]0
V7 L1 1] 1|1 1|1 |1
V8 ojojof o lo0o]O|O|O]|oO

As indicated in the table, for a three-phase PW M voltage source inverter, only six fixed
nonzero voltage vectors and two zero vectors can be obtained. A voltage vector can be generated by
various possible combinations of these eight fixed vectors. According to that, P1 M’s three-phase
switching sequences are another control option for achieving the best switching waveform based
on the modified PWW M technique.

A number of PW M techniques have been developed and are used in power inverter controls
to generate sinusoidal waveforms. However, only three of them have become standards and have
most often been applied in practice: Naturally Sampled Sine PW M (NS PW M), Uniformly Sam-
pled Sine PW M (USPW M), and Space Vector PW M (SV PW M). Among them, SV PW M
algorithms offer great flexibility to optimize switching waveforms and are well suited for digital
implementation.

The typical SV PW M methodology maps the eight switching patterns into six 60°-apart space
vectors within the same plane and two 0-axis vectors orthogonal to the plane, and a reference vector
on the plane is used as a modulation signal and determines the time average of such switching

patterns in each PW M cycle, similar to the original PW M technique. As a result, the SV PW M
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approach is a process for generating a reference-signal-modulated pulse sequence by modulating
the temporal width of a pulse train in response to a reference signal. The sinusoidal reference
voltage is modeled as a fixed-amplitude vector rotating at a specific frequency.

Every space vector is transformed from the Cartesian coordinate frame to the dq synchronous
reference frame to facilitate the design and digital implementation of the SV PW M technique. The
aim of the SV PW M approach is to create the average output voltage of the inverter in a little time
which is the same as the reference voltage vector V,..; in the same period using the eight switching

patterns.

g d

Figure 2.10: Three-phase voltage source PWM inverter.

Figure 2.10 geometrically depicts the basis vectors for PW M, where successive non-zero vec-
tors in the plane form six 60° sectors representing one full sinusoidal cycle. A sinusoidal reference
signal can be represented as a vector in the same frame that rotates from sector to sector at a con-
stant speed. In each sector, V. can be obtained by time-averaging the two boundary basis vectors
and the two zero vectors with appropriate weights.

However, the requisite PW M switching frequency for satisfactory performance should be
higher than the reference frequency. In Figure 2.10, 7} (13) is the duration of Vector V; (V3) in

one-half 7', of the PW M cycle, obtained from the values of V,..; and 0,.. Zero states are among
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the remaining time (7, = 1, — 17 — I5). Based on the dq — axis reference frame theory, the three
phase voltages transformed into two-dimensional perpendicular frame by the following expression:

‘Ziq =K 317(150 where the transformation matrix K is defined as;

1 i _1
) 2 2
K, = § 0 _\/7g \/75 (2.10)
1 1 1
2 2 2

Therefore, SV PW M can be implemented by determining voltages (Vy, V;, Vics), angle 0,.; as

follow;
. 1 | Van
Va 2|11 —3 —3
= 2 2V (2.11)
v,| 3lo -8 »
q 2 2
Ven
Vier| =/ Vi + V2 (2.12)
1. Ve
Oref = tan () = 27 ft (2.13)
Va

where f = fundamental frequency.

Time duration of 7, T5 and T}, are then calculated using the sector number, angle, and sampling
time. The region determination block obtains the region in which the vector falls according to the
fundamental frequency and then the switching time of each sector (S to Sg). Finally, the calculated
parameters and variables of the standard SV PW M algorithm are then used in the design of the

three-phase inverter.

2.4.2 Active Power Filter System Modeling

The output of the Active Power Filter (AP F’) circuit’s dynamic equations can be written as follows;
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3C; 5L = I; — Tyl

snd

drl’ — -
Ly~ = Vowm — Vs

(2.14)

d‘_/‘l a4 - —
C’load d;a - snd_[load

—

dl,, 7 >
\Lt% = _Rt]snd + TTUVf - ‘/load

where VPwm is the inverter line-to-line voltage vector fed to the L — C' filter, ff is the inverter
current vector, Vf is the line-to-line voltage vector on the A side of the transformer, ﬁoad and fload
are the voltage and the current vector of the Y side of the transformer, respectively. The current and
voltage transformations of the transformer are represented by matrices 7'r; and I'r,. Therefore, if

T'r represents the turns ratio of the transformer, these matrices are generated by:

1 -2 1 0 0 -1
Tr;=Tr | 1 1 =2, Tr,=Tr =1 0 0 (2.15)
-2 1 1 0O -1 0

Convert the dynamic nonlinear equations of the system to the dq — axis stationary frame of
reference using the following transformation: V(f Jag = K SV(f ) for voltages (currents) vectors.
The three-phase inverter system’s circuit dynamic equations in the dqg — axis reference frame can

therefore be recast as follows;

vy, - -
9 — — .
=1z —Tri, I,

(2.16)

dfsndd - - -
Lt dt L= _Rt[snddq + TT’quVqu - Woaddq

where T'r;, and T'r,, denote the new current and voltage transformation matrices, respectively;

they are defined as;

31 1 V30
TTz‘dq = [KSTTZ-KS_I] =Tr— 2.17)
213 1 0
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1 —V3
3
Try, = [KSTTUKgl} = Tr§ V3 o1 (2.18)
0 0

It’s worth noting that the dq transformation utilized here is a conventional three-phase power
application. The retrofit will convert the system’s three-phase variables into an orthogonal coordi-
nate system. The use of an orthogonal coordinate system allows the identification of state variables
and the creation of state space equations for control purposes. For example, the secondary-side
currents of transformer I,,4,, can be assumed as disturbances. Therefore, in the dqg — axis refer-
ence frame, the continuous time-domain state-space model of a three-phase grid-connected system

equipped with an L-C' filter can be developed and is given by;

T(t) = AZ(t) + Bi(t) + Ed(t) (2.19)
where
. Oz (%w*bij: 022 o —(3C;) T,
—(Ly) " Iaxs 022 (Ly) ' Iowa O2xs

. T — — —
The states are £ = [qud T fqd] , the control inputs @ = Viwm,q» and disturbance d= Tsnd,y-

The system can be converted to a discrete time system with constant sampling time 7’ to yield,
Ik +1) = A*Z(k) + B*u(k) + E*d(k) (2.20)

where
T

S TS
Af =M B = / e Bdr,C* = / e B dr.
0

0
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2.5 Conclusion

The main objective of this chapter is to model and analyse the hybrid microgrid power system
components. For the study, the first part, focusing on PV systems with dual stages, was selected.
A single diode-based PV cell model based on quivalent circuit parameters was investigated, and
a comparative analysis of the characteristics of the model with the manufacturer’s data sheet char-
acteristics was conducted after implementing the model in Simulink. The simulated I-V and P-V
characteristics of the PV cell model are similar to those obtained from the manufacturer’s data
sheet. The model parameters are used in the second stage with the boost converter, where the
M PPT controller is used to track the power with respect to the desired output DC bus voltage.
The M P PT control was implanted with a 12 KT/ PV array model in Simulink. The results show
that it is able to track the M PP with the M P PT' controller to achieve the desired DC bus voltage
and supply the required power to the load.

The application focuses on the modeling and analysis of interconnected three-phase PW M
inverters in the second part. To control the inverter’s AC bus voltage, a standard voltage space
vector PW M algorithm is presented. The Active Power Filter System’s model state space is then
investigated. It should be noted that the other important components of the hybrid microgrid power
system (WT'G and BESS) can be included to complete the system sizing.

The harmonics component elimination ability in the three-phase inverter working in over-
modulation is welcome in all applications, especially in a hybrid microgrid systems where the
objective of control design is to achieve low T'H D output voltage, fast transient response and
asymptotic tracking of the reference output voltage under different loading conditions along with
the minimization of the effect of the harmonic components. This crucial component in the energy

saving will be examined in more depth in the next chapter.
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Chapter 3

Power Quality Improvement in Microgrid

Based on Robust Voltage Controller
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3.1 Introduction

In this chapter a H,, control technique addresses the voltage regulation in a distributed generation
(DG@G) system connected to a three-phase power converter under harmonics disturbances. The con-
trol technique combines a Discrete Sliding Mode Control (D.SM C') in the inner current control and
a Robust Servomechanism Problem (R.S P) in the outer voltage control. Besides, a Fractional Order
Proportional-Integral-Derivative (F'O PI D) controller synthesized with an automatic calibration of
Adjustable Fractional Weights (AF'W s) is formulated in this work to control voltage instead of
RS P. The parameters of FOPID are optimized by solving a multiobjective optimization problem
based on the auto-calibration of the weighted-mixed sensitivity problem for robustness require-
ments between Nominal Performance (/N P), Robust Stability (R.S), and trade-off between them
in a large range of frequencies. For better Robust Performance (R P), the calibrated parameters of
FOPID with AFW s are compared with Fixed Integr Weights (F'1Ws). The simulation results

validated in matlab/simulation are presented and analysed.

3.2 Power Quality Problem

In recent years, hybrid microgrids have become a trend in the development of microgrids that have a
high capacity to accept a high number of H RE.S components, require fewer numbers of converters,
and have better economic and reliability. Nevertheless, the hybrid microgrid is a complex system
and includes many nonlinear components, which will cause harmonics pollution and affect power
quality [63]. The effects of harmonics are to increase the losses, damage the sensitive loads con-
nected to the same bus, and overheat the components of the D(G-connected inverter (transformer,
shunt capacitor, etc.) [64]. High-order harmonics are also characterized by a significant impact on
energy saving and, consequently, on the main function of £ M S. In this sense, the use of Active
Power Filter (APF) at the PW M output is also recommended in order to attenuate high frequency
harmonics and thus contribute to better power quality. The interlinking converter is made up of
an DC/AC inverter connected to a transformer by an APF', which constitutes the overall system

known as a DG-connected inverter [40, 20]. In the literature, different control strategies (basic
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and advanced) for D(G-connected inverters have been proposed, which have a high-quality voltage
with low T'H D [65]. However, the control strategies adopted to solve the problem are governed by
the international / EE E/ — 519 IEEEstandards, which impose limits on global 7' D depending on
voltage output values, a vital aspect of power quality [66].

The most basic and commonly used control structure for DG-connected inverter including two
loops: current control loop and secondary voltage and frequency control loop [38]. For a fixed
model of the system, the performance of the controller is very high. However, the RS control need
to the exact model with parametric uncertainty to achieve the both performances of low T'H D and
fast dynamic response [67].

The H,, control technique has been widely applied to the stability analysis of the system of
DG-connected inverters. Thus, the system performance can be greatly improved. Based on H,
control theory, RS problems in voltage control with consideration of uncertainty have been widely
addressed in the literature, such as; Baghaee et al [68] presented a generalized H ., control. Hornik
et al [69] introduced a H., based on repetitive control to improve the tracking performance, low
T H D and protection from peak-current. Sedghi et al [70] proposed an H, based control method
to adjust the Microgrid M G under the uncertainties of the load changes. Grundling et al [71]
a RS adaptive control for Uninterruptible Power Supplies (U P.S) is developed. Sheela et al [72]
applied H, control to optimize voltage and frequency deviations after load changing. Lee et al [ 73]
proposed R.S analysis with H, loop-shaping controller for U PS under perturbation. Mohamed
[74] proposed an RS controller for a current source inverter based on /., and pi-analysis techniques.
Lam et al [75] developed a robust multi-variable H,, controller using Linear Matricial Inequality
(LMT) technique and a p-synthesis. Zhao et al [76] used the PSO technique to optimize the
weighting function of the H, controller. Pe et al [77] applies the H, RS controller design method
in the Matlab Robust Control Toolbox for high frequency resonant inverters but includes only
load and external input voltage in the perturbation. Bevrani, et al [78] applies an LM based
p-synthesis that shows more robustness compared to the conventional H,, control. Maniza, et
al [67] proposed a linear matrix inequality approach to satisfy the Lyapunov stability criterion.
Hamzeh, et al [79], extend the nonconvex optimization problem to the LM I conditions for voltage

regulation, including the uncertainties of the system parameters. Raeispour, et al [36] and Gholami,

49



et al [80], a robust mixed H,/H,, control strategies has been proposed based on multiobjective
optimization. Marwali et al [62] it has developed an RS P controller based on an uncertain plant
model. The outer loop RSC' control system has been built to take into account the dynamics of
the inner loop DS M C, ensuring the overall control system’s RS. This technique, however, suffers
from a high sensitivity to the load variations [81]. Even though the harmonics of the inverter
output voltage have been significantly reduced, RS analysis is not shown [82]. In this context,
the recorded control strategies cannot achieve the desired optimum trade-off between N P and RS
when the model uncertainties are taken into account in the control parameters. Furthermore, based
on core theories available in robust control techniques, a direct relationship between the singular
values and sensitivities can be developed to provide information on the trade-off between N P and
RS conditions, respectively [48, 83, 65]. Many academics have employed numerous alternative
controller structures derived from fractional-order controllers in the same context [84, 85, 86].

These published works demonstrate the advantage of controllers synthesized by Adjustable
Fractional Weights (AF'W's) compared to those given by Fixed Integer Weights (F'/W s) in terms
of the strongly Robust Performance (R P) criterion.

To overcome this vulnerability, Sedraoui et al [87] use weighted-mixed sensitivity problem by
proposing adjustable fractional weights. In general, the complementary sensitivity plot is obtained
when the maximal singular values vanish as much as possible at high frequencies and approach
unity at low frequencies. Amieur et al [86] proposed more analysis using a PSO optimization
algorithm to guaranty optimal adjustable fractional weights. Accordingly, the RS voltage H.,
controllers are generated utilizing both classical and structured H, synthesis to solve a weighted-
mixed sensitivity issue. So that, the voltage control of the DG-connected inverter can be formulated
as solving the weighted-mixed sensitivity problem [65].

To the best of our knowledge, this research will use the typical FOPID in the voltage con-
trol loop using H,, structures, which is inspired by the robustness of the fractional FOPID, a
promising approach for solving the weighted-mixed sensitivity problem and ensure a good trade-
off between /NP and R.S for the nominal and uncertainty plants, in which the adjustable weight is

calibrated for getting the desired form of load voltage.
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3.3 Control of Three-Phase Inverter System

To design a more accurate and robust control strategy, it is necessary to consider the detailed dy-
namic description of the ineterliking converter presented in chapter one. So, the block diagram of

the proposed DC/AC converter control system in this work is shown in Figure 3.1.
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Figure 3.1: Block diagram of inverter controller

3.3.1 Design of Sliding Mode Current Controller

As shown in Figure 3.1, a dual-loop control structure is used, where the inner loop is for current
control (DSMC) and the outer loop for voltage control based on RSP controller. The RSP is
based on the solution of the servomechanism problem [60] where they combined between internal
model principle [61] and the optimal control theory. The RSP is designed taking the dynamics of

the DSMC into account. The state space form of the dynamic equations is,
y(t) = Cx(t) (3.1)

For designing the D.SMC controller the surface is chosen as s(k) = Cx(k) — I .y,,(k), where
Cx(k) = Iy,,(k), so that when sliding mode occurs, s(k) = 0 or Iy, ,(k) = I ey,,(k). The control
is given as,

Vowm,a(k) = (CB") " (Lyef,, — CATa(k)) — CAd (3.2)

The current command I/, fad limited in magnitude. The errors between the inverter current com-
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mands and the actual inverter commands,

eIqol = [Tefqd - [fqd

(3.3)

The DSMC will force these errors to zero by computing the necessary voltage commands given

by 3.2.

3.3.2 Design of RSP Voltage Controller

To design the RSP voltage controller we need to consider a combination of the true plant in 3.1

and the DSMC' 3.3 as the “equivalent plant”. Consider the block diagram in Figure 3.2, which

depicts the closed-loop system of the RS P voltage control loop.

V;"ef e(t) 77 Z'cm
@ RSP K, @ -

V;oad

Figure 3.2: Block diagram of RSP controller

The controller is given by states feedback,
iema(k) = Kozp(k) + Kin(k)
where the states x,, the augmented true plant for DSMC;
Tp(k +1) = ATy (k) + szcmd
where

A, = A" — B*(CB")"N(B*C; + E*C3); B, = B*(CB")™%;

10000
Cr = ; Cy=10 0 0 1 0f-
01000
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The RS P’s theory is based on a solution to the robust servomechanism issue, which for linear
systems can combine the internal model concept with optimal control theory. The discrete form of

the continuous servo compensator is;
ik + 1) = Acj(k) + Bee(k) (3.6)

where, foreach: = 1,3,...,n;

T 0 1
Ac = diag |:AC]_,ACQ,...7AC7L:|9 Be = [BCl,BCQ,...,BCn ., Ac )

T
Be; = [O 1] .
T
The states 7); from vector 77 = [771, Tas o) ﬁn} represents implementation of the continuous transfer
function —~—, where w; = 27 f; represents the fundamental frequency to track and the harmonic
s tw;
frequencies to be eliminated. The gains K = [ K, K] are found by minimizing a certain linear
quadratic cost function J.for the augmented “equivalent plant” and a discrete form of the servo-

compensator:
zp(k+1) A 0 x,(k) By
g = HR et u(k) (3.7)
n(k+1) -B:C —A:| | n(k) —B:D
The following is the optimization criterion for minimizing the discrete linear quadratic performance

index;

[e.9]

= 3 (W Ty + Warfl (a0 + Wi 32 () + 20 00l ): (6 2 0) 33)

where the constants Wp, Wg, and Wy are weighting scalars for plant states x,, fundamental servo
compensator states 77; and harmonics servo compensator states 7, respectively. Furthermore, the
influence of different adjustable weights on the system’s dynamic performance may be investigated

in order to determine the optimum state.
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3.3.3 Control System using Structured Singular Value

For the goal of stability analysis of the M IMO linear system under structured perturbations, a
structured singular value p can be used. The problem is depicted in Figure 3.3, where M denotes a
known stable M I M O transfer function with W inputs and Z outputs and A a structured uncertainty

matrix.

Figure 3.3: Uncertain closed-loop model.

The structured singular value of M with respect to the uncertainty set A is defined as,

R 1
pa(M) = min{a(A;) : A; € (A),det(I — MA; =0)} o

The generalized small-gain theorem provides RS results of the system using the structured singular
value. It states that if nominal M (s) is stable then the perturbed system (I — MA)~! is stable for
all stable A; for which [|A;]|oc < 1 and only if ua(M(jw)) < 1 forallw € RY.

The Linear fractional transformations (LFT") can be used to achieve the RS based on u-
framework analysis. For this to occur, we assume the following parameter changes in the structures
of the system due to uncertainties and load variations: P, = {CY, L¢, Cioad, L1, Rf, R7, Noad }-
The above parameters can be represented as parametric output multiplicative uncertainties using
lower L F'T's with the uncertain perturbation § blocks separately can be precisely written as follows
form;

Pina = Pia, (1 +7p

ind

(SPmd)v |6Pind| <1 (3.10)
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For each uncertain term, F;,4, denotes the parameters’ nominal value, 7p, , denotes the assigned

tolerance, and dp,, , denotes the perturbation value. All perturbation sources are combined into a

structured uncertainty diagonal matrix defined as A(s) = {dc;, 01, 0¢1004) 0175 OR;» ORp Ojpaa } -

By inspection, the nominal plant’s state space model P(s) is given as;

X(t) =

Y(t) =

where;

States: X, = [Vf It Viead Isna Tioad

T
. _ T _ .
InPUtS' U= |:‘/;pwm w :| ’ where W' = |:wa7 wa7 WCypqas WLy waa WRr, w)\load:| ’

Outputs: Y = [Vf It Viead lioas Z"

AX,(t)+ B,U(t)

CpX(t) + DX ()

1T

b

T

C, D,
A, = |:An:| , By = [Bn Bdel] Cp = Hp = ;
Clei Dgep
~1¢, 0 0 0 0 0 0
0 -7, 00 —mgE 00
R oadn
Bdel - 0 0 Tcload O 0 0 _T)\load Cjoazn
0 0 0 —Tp, —TREZ 0 0
0 0 0 0 0 0 0
1 1
O Cfn O Cfn 0
R n
5, om0 00
Rloadn 1 _ 1
0 0 - Cloadn Cloadn Cloadn
1 1 Ry,
Cier = Ly ’ - L L ! ;
0 1 0 0 0
0 0 0 1 0
0 0 1 0 0
0 0 1 0 0
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T

T
, wWhere Z = [ch,sz,zcload,zLT,zRf,zRT,zAload]

o o O

0

TAload Mloadn i



0 —-7¢, 0 0 0 0 0 00

ﬁ 0 -7z, 0 0 —7g L_,{: 0 00

0 0 0 TCloaa 0 0 ~MNoad }ozfz—z;l: 0 0

Djer = ! ! 0 T TTHr 12;: 0 00
0 0 0 0 0 0 0 00

0 0 0 0 0 0 00

0 0 0 0 0 0 0 00

0 0 0 0 0 0 0 00

The nominal open-loop plant (combination of P(s) and A(s)) and the closed controller loop make
up the system M. Matlab's sysic command has been utilized for this transformation. In order to
speed up the response and improve the transient performance of the DG system, a local controller
is developed by solving the H, optimization problem. Therefore, to have a better voltage track-
ing, the gains associated with the outer-loop can be estimated by introducing adjustable fractional
weights.

To investigate the performance in the presence of uncertainties, the p-analysis and synthesis
process is used to assess the robust performance of the H ., loop-shaping controller proposed in the

next subsection.

3.4 Proposed Robust Performance Control Technique

The formulation of optimization problem can be posed under the general H ., control configuration.
The robust control strategies have been proposed to determine the parameters of a robust controller.
The optimal H, control problem with this configuration consists a minimizing of iteration process
the ratio -y between the energy of the vector Z and the energy of the vector . The implementation

of the iteration process with various well-known software packages such as [88, 89].

3.4.1 Fractional PID Control Design

Consider the block diagram in Figure 3.4, which depicts the proposed FOPID controller in the
RS P voltage control loop.
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Figure 3.4: Structure of the proposed FOPID voltage controller

The transfer function model of the typical 'O PI D controller in the continuous-time domain

1s given as;

K(s,z) = K, + K;s* + Kys" (3.12)

Yields the following design parameter vector z = | K, K;, K4, \, 1| can be defined as a adjustable
gains, referred to as proportional gain, integral gain, derivative gain, derivative and integral or-
ders of s. In the design procedure, each component from the vector for the 'O PI D controller is

constrained by boundary or saturation limits included in the search space y;

(

Kpid)in < Kpid) < Kpjid),on

X = >\mzn S A S )\maz (313)

\,umin S H S Hmaz

3.4.2 Weighted-Mixed Sensitivity Problem Including FIWs

The N P-RS trade-off must be reached with a good, secure margin. The current situation of the
equation 3.9 appears to be key to a better understanding of the RS mean. Therefore, providing
a good RS requires limiting the evolution of the maximum singular values of the complementary
sensitivity function, i.e., 7(7Ty(w, x)) across the whole frequency range wyin < W < Wpge. This

is accomplished by finding a sufficient weighting function Wr,(s) such that equation 3.9’s RS
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condition is reformulated as follows:

Wz, (8)To(s,2)[[0e < 1 (3.14)

where the complementary sensitivity function 7y (s, x), defined as;

To(s,z) = MA[T + MA] ™! (3.15)

where present the transfer function between the reference control input V;..; and the output Vj,qq.
Similarly, providing a good N P requires limiting the evolution of the maximum singular values
of the direct sensitivity function, i.e., 5(So(w, x)). This is accomplished by finding a sufficient

weighting function Wy, (s) that always satisfies the following condition;

[Ws,(5)So(s, ) [leo < 1 (3.16)

Also, the direct sensitivity function Sy(s, x), defined as;

So(s,z) = [I+MA] ™ (3.17)

where presents the transfer function between the control error e and the output V},,4. also presents
the transfer function between the disturbance input delta and the output.

The RS and N P conditions in the inequalities may be translated into upper bounds Wr, (s) and
W, (s), yielding;

1S0(s, 2)llee < (W, ()15
(3.18)

1 To(s, 2) oo < W, ()15
In general, in order to secure the suitable RS, complimentary sensitivity transfer matrix 7'(s, z)
has been used. For acquiring the NV P the direct sensitivity transfer matrix S(s, x), has been used.
This characteristic can be obtained by defining a performance weighting matrices to shape the

sensitivity function. In the mixed sensitivity problem, both conditions are combined in order to
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determine the robust performance (1 FP) condition [90, 87, 84, 83];

W, (5)So(s, x)
W, (8)To(s, x)

1Jo(s, %)lloc = H <0 (3.19)

[e.o]

According to inequality 3.19, the requested control system should attenuate the very worst case of
the limit showing up either from the plot of (W, (s)Sy(s, x)) or a(Wr,(s)To(s, x)). Whatsoever

frequencies, this must be lowered to less than the pre-specified attenuation level 7o < 1, i.e.;

NP RS

max { max &(Ws, (jw)So (juw, x)), max & (W, (jw)To(jw, 7)) } < 1 (3.20)

(.

&2

The optimal H, control problem can be formulated as a H,, suboptimal control problem [91, 87,
], which leads to the following min—max optimization problem, which satisfies the inequality

3.19;
W, (s5)So(s, x)

Wi, (s)To(s, x)

max
TEX

< min ( max <5 W (g} Solju, =) ) ) (3.21)
AN W, (jw) To(jw, )

The conventional and structured H,., techniques available in Matlab, such as HinfLMI and

Hinfstruct, can be used to synthesize the robust voltage H,, controller and solve problem 3.21.
The terms W, (s) and Wy, (s) are the tracking performance and stability weighting matrices,

respectively. The very general guidelines for weighting matrices choices were proposed in [91, 90,

], although they are not strictly used in this study;

4w s 41
VMg 0 wpT* VM,
WSO (371‘) = <m> Inoxno, WTO (S,ZE) = (1407"03—_’_10) Imoxmo (3.22)
wpT*

0

Each weight vector can be parameterized in terms of the parameter vector
To = |:M507 ASoa WB, MTm AT07wBT8i| :

It really should be noted that in the mixed-sensitivity scenario, choosing suitable '/ s in the
design of a FOPI D voltage regulator can be complicated, particularly as the number of prescribed

frequency specifications increases. To overcome this problem, the use of AF'W s instead of F'IW s
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is required to improve the RS-N P trade-off.

3.4.3 Weighted-Mixed Sensitivity Problem Including AFWs

Although there are simple rules for selecting the weighting functions used in controller synthesis,
these can be used to compare existing (classical) designs. But, compared with conventional F'/W's
and their NP and RS margins, the AF'Ws with a systematic selection present a good trade-off.
The idea allows for formulating an auto-calibration of F'/W s’ parameters, which is proposed as a
new weighted mixed sensitivity problem [87]. In weighted-mixed sensitivity problem design, the
initial selection of AFW's to fulfill the RS-N P trade-off is critical in shaping the performance

and robustness characteristics of systems built. Generally, the required stability weight’s transfer

functions take the forms [91, 44, 65]:
s™ + W s*m 4 1
_ VMg B _ wWpr VM
Ws(s,z) = <m> Lscns Wr(s,z) = (ATSm—H> Linsem (3.23)
WpT

Which are given by transfer functions as a general class of n™ and m™-order nonlinear systems;
where Mg and M7y are high frequency gains, Ag and Ay are low frequency gains and wj; and wj;
determine crossover frequency. Next, n and m denote the order of a function should be kept as low
as possible [91]. In this case, Ws(s, x) is the performance weighting function that is specified for
the disturbance elimination to restrict the magnitude of the sensitivity function and Wi (s, z) the
robustness weighting function is identified for the uncertainty in the plant to limit the magnitude of
the complementary sensitivity function. This approach, known as loop shaping, is frequently used
for choosing the weight functions for controller synthesis. From inequalities 3.24, the appropriate
Ws(s,z) and Wr(s, z) of AF'W s can be expressed in terms of the new parameters using the weight
parameter vector x; = [Ms7 Ag,n,wy, My, Ap,m, wET]-

We now concentrate on selecting these parameters according to some guidelines available in

the literature corresponding to adequate AF'Ws. With special attention to the effects of detailed
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implementation guidance, these rules-based elements can be summarized as follows;

5MSMSO < MS < MSO MSO c [1.5,2} , 5Ms G] 0, 1[
Omg Mr, < Mp < Mr, Mz, € [1.5,2], oy €]0,1]
wp; < wp < 0p;Was ops €] 1,2

dpriwpry < Wy <wpr:  Oprs €]0,1]

Xom = (3.24)
no < n < d,no, on €] 1,2]
mo < m < d,,my, dn €] 1,2]
dagAs, < Ag < Ag,, dag €]0,1]
dapAr, < Ar < Ag, dar €]0,1]

Indeed, minimize the values of Mg and My as much as possible to restrict the singular values
of the required direct and complementary sensitivities. To improve disturbance attenuation, the
basic guideline is to transfer the bandwidth wy to the high-frequency region as much as pos-
sible. Inversely, wp, should be transferred to the low frequency region as much as possible to
improve sensor noise rejection. However, raising wy beyond what is required generates an unac-
ceptable overshoot. Inversely, reducing w3, results in bad tracking performance. Also, raising the
fractional-order m as much as possible increases the N P margin. However, raising m with respect
to n is required to avoid the high-frequency effect, which violates the RS requirement. Finally, the
parameters Ag and A must be selected as close to zero as possible, where setting Ag = Ar = 0
is the best scenario [91, 93, 83, 94]. So far, there is no direct technique to set values for these
parameters, only to keep determining them in a specific field. In most cases, using an optimisation
method to determine the values for the system is the only available method.

To evaluate the RP design procedure, the previous free design parameters are represented by
two vectors that can be augmented into one design vector x, which parametrizes the overall control

process;

x 1

2y =Ky, K;, Kg, A, 1, Mg, Ag, n,wiy, My, Ap,m, wiy] (3.25)
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To guarantee robust performance, the new design vector x, should provide a robust FOPID volt-
age controller as well as optimal AF'W s. However, the problem is formulated based on fminimax
function in Matlab’s optimization toolbox, with equation 3.21 defining the fitness function and the
search spaces defined by  in 3.13 and x,,, in 3.24. Indeed, fminimaxz is adopted to search for the

optimal design vector z;. that represents the optimal solution.

3.5 Control Development and Simulation Results Discussions

The proposed robustification approach is simulated using two steps. The first is constructed us-
ing typical integer weights, and their RS, N P, and RP robustness margins are then improved by
automatic calibration of adjustable fractional weights. The first step of simulation permits defin-
ing frequency space and different rules for formulation of fractional weighted-mixed sensitivity
problem. Subsequently, for improving the R P margins, an optimization algorithm is used to en-
hance the N P-RS trade-off. Performance of the proposed steps is evaluated using simulation in

MATLAB/Simulink environment.

Table 3.1: Parameters of DC/AC inverter.

Parameters Values

DG voltage V. 540V
AC Output voltage Viyuq 208V(LL), 120V(LN)

Filter capacitance C’f 540uF
Filter inductance L 300 pH
Transformer inductance Ly 48 uH
Transformer resistance R 0.02 Ohm
Transformer ratio 245 :208 V
System frequency f 50 Hz
Load side capacitors Cj,qq 90 uF

The DC input voltage was set to 540V to reach the typical RM S three-phase AC load voltage

of 120 V. The system fundamental frequency of the output voltage is f = 50H z, and the frequency
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of the PW M switching signal is fs = Tis which is set to be 5.4 K H z, as is the discrete-time control
frequency. These and the other selected parameters are presented in table 3.1.

For the robust voltage ., controller, the system provided through classical H ., based-LM [s
function MATLAB software. The fminimax search space of F'OPID controller optimal param-

eters is chosen as,

0.001 < K,;4 < 10

0.001 < X\ <0.99 (3.26)

0,001 < 41 <0.99

To make the design much simpler and the stability evaluation easier, the F'/W s transfer functions

for stabilising the compensator are selected based on the work [95] with some adjustment relative;

1 s+ 1 s + /1010
W, (s,29) = NiT) (s n 10_7> , W, (s, 20) = 107 (m) (3.27)

where the initial parameters of vector z are: Mg, = 10, wp: = 1, Ag, = 1077, ng = 1 for
transfer function of the N P weight and Mz, = 10, wpr: = 10°, Ag, = 1078, my = 1 for transfer
function of the RS weight. Thus, for the closed-loop system performance specifications, we select

the search space of F'/W s parameters as follows;

(

0'9MS() < Mg < MSO MSo S [15,2] , 5Ms E] 0, 1[
0-9MTO < Mp < MTO MTO € [15,2] , 6MT E] 0, 1[
wp < W*B < 1.5&)36 535 E] 1,2[

O.SwBTS < w*BT < WBT} 5BT§ E} 0, 1[

Xm = (3.28)
no < n < 2ny, o, €] 1,2]
mo < m < 2my, o €] 1,2]
0.0145, < Ag < Ag,, dag €]0,1]
00147, < Ar < Ag, Sap €]0,1]

To get one of the optimal solutions that is the best trade-off between the conflicting max-min ob-
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jective functions, the M AT LAB® fminimax function is required. The optimal locations obtained
by this algorithm depend on the initial population, where the setting of a good initial population
could produce the best fitness.

Firstly, the design of the F'OPID controller is tuned using the fminimax solver without con-
sidering the F'IW s constraints. Due to the M AT LAB deterministic structure of the fminimax
solver, the optimization process is repeated 23 times with different initial populations. The optimal

solution of the fminimax optimization problem is depicted in the vector;

zbest = [1.8569,3.1942,2.9501,0.5412, 0.5313] (3.29)

Secondly, the parameters for each desired F'/WW weight are specified according to the rec-
ommendations provided above, as shown by inequalities 3.28. Therefore, using the fminimax
solver, to select these weights automatically is linked to determining the ideal parameters of the

robust F'OP1D voltage controller, where the resulting /'O PI D transfer function is given as;

9.0219

K (s,25°") = 0.001 + — 5o + 0.00115%49% (3.30)
S0

where
(

0.01 < K, =0.001 <10
0.01 < K; =9.0219 <10
0.01 < K; =0.0011 <10

0.001 < XA =0.98982 < 0.99

k0.001 < p=0.4989 < 0.99

Furthermore, the given optimal solution allows determining the performance and sensitivity weight-

ing functions respectively as follow;

s 1
best\ __ —~+1 best\ __ 105+\/10
Wi(s,a1™") = <W> , Wr(s, 27™) = 1005 (3.31)
109

where 2%¢* = [ 0.001,9.0219, 0.0011, 0.98982,0.4989, 10,107, 1,10, 10C-%,10°] .
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This phase allows us to get the most out of the effect of [’/ s limitations on the optimal
FOPID controller and fminimax function solution. Finally, the AF'W s design problem is for-

mulated in terms of stabilizing the FFOPID controller with the fractional-order set of following

weights;
’ 1.8 31‘0001+ 1
best —F—=t1 best 10(=8) Vi35
= V1.120 = A0 V220
Ws(57$1 ) (m) 7WT(37'T1 ) ( 1055<1.080)01 1 (332)
10(—

where 22 = [0.001,9.0219,0.0011,0.98982,0.4989, 1.20, 100", 1.8,1,1.25,10C-%)  1,10°] .
As aresult, the ideal parameters of the robust F'O PI D voltage controller must match the N P-
RS trade-off as closely as possible while maintaining a good secure margin. This all previous

components of the resulting solutions confirms the well-chosen fminimaz optimization procedure

with no relaxation of lower and upper bounds.

3.5.1 Frequency-domain analysis

In this work, the commonly used threshold for the maximum singular value was determined using
the log-log plot of the complementary sensitivity functions. The maximal singular values plots of
the complementary sensitivity functions at high and low frequencies of the closed-loop system are
depicted in Figure 3.5.

Four loglog scale plotted cases with their inverse function plots present a comparison controller
of an H,, p-sythetesis, FOPID without F'IW s constraints, F'OPID with calibrated F'/W s pa-
rameters, and F'OPID with calibrated AFW s. The inverse functions of the initial F'/Ws, cal-
ibrated F'IW's, and calibrated AF'WW s are plotted in dashed lines. The frequency plots produced
by the inverse of initial and optimal performance weights are compared to those produced by the

inverse of initial and optimal performance weights.
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Figure 3.5: Tracking dynamic of the voltage given by the robustified fractional controller.

Figure 3.5a show that in the low frequency range (w = 10~ %rad/s), the better N P margin is
obtained when the maximum singular values of the direct sensitivity matrix are small as possible.
Also, results shows that all singular values are bounded by Wg, '(s). Then, the offered robust
control can satisfy the NV P conditions. In addition, the control scheme offers a better RS margin
in the high frequency range (w = 108rad/s) as shown in Figure 3.5b, where the complementary
sensitivity matrix’s of the maximal singular values has the steepest slope compared to slope of the
initial conditions. Also, results shows that all singular values are bounded by W, !(s). As shown in
the figures, the FFOPID controls operate better when the calibrated parameters are violated, with
their effect visible in the zoom zones. The closed-loop control’s bandwidth can be used to evaluate
its responsiveness; at low frequencies, the gain of the three initial, calibrated /' s and calibrated
AFW s falls similarly better than the gain of the H, control. On the other hand, there is a better
fall in the high frequency of AF'W s compared to the calibrated F'/W's. All the results demonstrate
that the proposed FFOPID controller with the AF'W structure can successfully provide greater
robustness qualities and achieve the N P— RS trade-off. To substantiate the aforementioned results,

the temporal domain simulation of the closed-loop system will be presented in the following step.
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3.5.

2 Time-domain analysis

The desired source voltage always contains harmonics. For the three-phases PW M inverter system

wish desired to eliminate third, fifth, and seventh harmonics. Figure 3.6 shows both load and

rebustified voltages. As illustrated, the voltage signals converge to their nominal values. The figure

shows that the voltage waveforms are only marginally affected by the load disturbance and revert

to a steady state in a relatively short time. So that, the better tracking properties are ensured by the

adjustable fractional weights controller, which is characterized by the fast attenuation dynamic of

the harmonic voltage disturbances as shown in Figure 3.8.

Therefore, Figure 3.7 show the obtained output current responses of the closed-loop system

given by the RSP and robust adjustable fractional weights controllers. It can be observed that all

controllers are coverging together properly.
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Figure 3.6: Tracking dynamic of the voltage given by the robustified fractional controller.
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Figure 3.7: The output current given by the robustified fractional controller.

The above-mentioned requirements are satisfied by the calibrated parameters of AF'WW s, where
the controller seems to be more sensitive to process perturbations. Steady state KM .S output volt-
ages and T'H Ds have been presented in Figure 3.8. The proposed method achieves approximately
zero steady state error and a T'H D of less than 0.5%. It can be observed that the RM S reveal about

2V deviations on each transient state.
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Figure 3.8: Comparison of RMS and THD values of the load voltages.

The transient response of the control has been demonstrated and the harmonic distortion of DG
voltage can be significantly suppressed under the adjustable fractional weights control mode which
made the active power-sharing has acceptable accuracy and improves power quality of the DG

unit as depicted in Figure 3.9. Ultimately, we can conclude that the proposed controller performs
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successfully to provide the both robust voltage control and active power sharing of three-phases

PW M inverter.
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Figure 3.9: Comparison results for real load powers.

Finally, the robustified F'OPID case is simulated in the time domain with new AF'W's under
various load scenarios, including both no load and overload. In this analysis, nonlinear load is not
taken into account. In this simulation, three cases were done for loads; while the first case was
simulated under 500% of the resistive nominal load, the second was simulated under full load or
steady state, and the third was done without load.
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Figure 3.10: Transient response of voltage and current under load change from 500% (t=0s) 100%
(t=0.1s) to 0% (t=0.2).
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Figure 3.11: RMS and THD values of the load voltages under load change from 500% (t=0s) 100%
(t=0.1s) to 0% (t=0.2).

Figure 3.10 shows the transient response of voltage and current to a load change from 500% at
t=0s to 100% at t = 0.1s to no load at t = 0.2s. Figure 3.11 depicts the RM.S and T'H D values of
the three phases load voltages under the same previous conditions.

The figures show that the discrete-time voltage waveforms are only slightly affected by the load
variation and are restored to steady state in a very short period of time; that is, the waveform dents
last for only a few msec, and the RM .S values reveal roughly 3% deviations on each transient,
which lasts for about 0.025 sec. The analysis of the transient response under sudden changes
in the load condition can also be verified by looking at the load current plot where the currents
change with this sudden load changes. In each case, the inverter can deliver the full load with a
maximum percentage voltage that is always less than 5%. As a result, FO PI D controllers provide

a satisfactory quick transient response with low T'H D, and better power quality.
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3.6 Conclusion

In this chapter, a robust voltage control scheme for a three-phase PW M inverter was proposed to
handle the uncertainties and mitigate the impact of a voltage disturbance. This study was started
by designing the theoretical concepts of a discrete sliding mode controller for inner current control,
including the mathematical model of the inverter. As a comparison controller, an H ., u-sythetesis
controller based on the Robust Servomechanism Problem procedure was designed in the second
step for the outer loop load voltage regulation. In addition, this study was followed by design-
ing the proposed robust H, voltage controller employing the innovative structure of the FOPID
controller with AF'W s approaches. The controller parameters are formulated as a weighted-mixed
sensitivity problem optimized through Matlab’s fminimax constrained function. The frequency-
domain responses of the robustness settings NP and R.S, as well as the trade-off between them,
were confirmed in this study, with the RP obtained from AFW s outperforming randomly cho-
sen F'/Ws and the H, controller. Moreover, the performance of the calibrated parameters of the
FOPID controller was evaluated under harmonic voltage disturbances based on temporal-domain
simulations in the MATLAB/Simulink environment and comparison with the conventional Ser-
vomechanism control technique. Finally, as perceived by the results, the load voltage maintained
its stability when faced with disturbances. Compared with the case of a conventional Servomech-
anism control configuration, significant 7" D reduction of the inverter output voltage is achieved

by introducing calibrated AF'W s into the F'POI D controller.
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Chapter 4

Power Management in Microgrid Based on

Fractional Fuzzy Controller
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4.1 Introduction

Controlling the balance between consumption and supply is a substantial problem for hybrid micro-
grid systems, especially for hybrid renewable energy systems (H RE.S), due to the high inbalance
in the generation energy sources, uncertainty of weather and demand circumstances. However, a
comprehensive overview of H RES with an emphasis on performance for a wide range of power
system operating conditions is needed. Due to the increasing necessity to update traditional control
strategies, sophisticated P M C' algorithms have been developed to maximize the power conversion
from H RES components. Therefore, when PM C' input parameters are highly variable and unsta-
ble, a fuzzy logic controller can be used to analyze the dynamics of the H RE S system and verify
the PMC purposes. In this chapter, an improved PMC for renewable hybrid PV/Wind system
with battery storage based on a closed-loop fractional fuzzy controller is presented. Under this de-
sign, the parameters of a Proportional, Fractional Derivative and Integral (P D® + I)) controller are
considered as decision variables of the fuzzy logic controller. To calibrate the P D + I parameters,
a suggested optimization algorithm called Social Spider Optimization (SSO) is used. Concurrently,
the work was validated under Matlab/Simulink and the results were compared with conventional
Particle Swarm Optimization (PSO) and Genetic Algorithm (G A) methods. It has the ability to
improve the H RE'S system’s dynamic response, validate P C' purposes and increase the overall

system’s efficiency.

4.1.1 Power Management Problem

In the last decades, great attention has been focused on the H RE'S and due to the several advan-
tages of hybrid PV/Wind systems. The continuous energy, whatever the variations of the load and
of the weather conditions, allows satisfying the load side and the possibility to keep the batteries
charged. The use of intelligent manners requires the ability to solve PMC' problems involving
various architecture applications focused on intelligent PAM C' [96]. The aim is to develop more
efficient, controllable and priceless smart grids to achieve better reliability between demand side

and supply [97]. To provide acceptable power balance, it is necessary to maintain an adequate
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controller at predetermined conditions and/or load variations [98]. In the HRFES systems, the
proper PMC has been designed to maintain generation—consumption equilibrium as well as en-
suring uncertainties and transient stability is unavoidable [99]. In general, all the PV C's studies
are always based on power balance. In the literature, there are many studies and control tech-
niques have been proposed related to P M C' with basic and advanced control strategies [ 100, ].
For conventional PM C's, applyed techniques including H, [102], Ziegler—Nichols [103], linear
programming [ 104, ], microcontroller with F"PG A [106], secondary control approach [107],
Reformed Electric System Cascade Analysis (RESCA) [108], have been investigated to this end.
Therefore, significant efforts were made in applying several optimisation algorithms to support
power stability against system uncertainties, e.g., Particle Swarm Algorithmic (PSO) [109, 1,
Genetic Algorithmic Technique (GA) [111], Bat Algorithm (BA) [112], Crow Search Algorithm
(CSA)[113, ], Cuckoo Search (C'S) [115], Mine Blast Algorithm (M BA) [116], Social Spi-
der Optimisation (SSO) [117], Butterfly Optimization Algorithm (BOA) [1 18], was reported to
provide a better solutions. These typical techniques have a number of problems, including prema-
ture convergence, long execution times and getting trapped in local maxima/minima. To overcome
these shortcomings, a particular algorithm is insufficient to solve all issues, prompting researchers
to create new fields that combine evolutionary algorithms and intelligent controllers.

The Fuzzy Logic Control (F'LC) is a flexible tool that can be applied to enhance the PMC
performance in the H RES systems, especially with unpredictable variables or uncertainties. For
this purpose, several publications have been published to improve PMC's. In Ref. [119] the
author presented a supervisory PMC based F'LC to optimize the energy demanded. The PMC
is designed to employ predictive real-time and long-term data programming based on F'LC' [120].
A HRES controlled by F'LC was proposed and designed to obtain the value SOC' of the battery
[121]. To perform PMC' concepts based on F'LC', many algorithms have been developed. The
same goal was attained in [122] where a fuzzy expert with a genetic algorithm (G A) was proposed
to control the power output of the battery. Other works used /'LC' in the PM C along with PSO
for further reaching in terms of electricity savings, such as [123] and [124]. In the same goal,
to ensure the efficient scheduling of H RE'S with high adaptability considerations in [125]. The

multi-objective optimization of F'LC' is investigated in [126].
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Recently, Fractional Order (F'O) is getting concentration from researchers to improve some
control design in industrial applications [ 127, , , , , , ]. Usually, the standard
PID controller has three parameters: K, ,K; and K, but the utilization of F'O derivative («) and
integral () parameters can improve the performance of PID regulators. The appropriate set of
parameters («, 53, K, K;, K;) has a significant impact on the FOPID controller’s quality [84], it
has better dynamic performances than conventional P D controller.

In this regard, many studies are devoted to investigating the utilization of a F'O control system
in dynamic price regulation for the balance of energy demand and generation in a smart grid energy
market [97]. The gap between demand and generation has narrowed in [97] compared to the P/
controller [134] which tracked the generated power after broadcasting delays and an overshoot.

Nevertheless, to give a good response better than the 'O P1 D controller, several studies tend to
hybrid the F'LC' theory with FFOPID to design a new controller called Fractional Fuzzy controller
(FOFPID) [135, ]. In comparison to the FOPID controller, the FOF PID might be an
excellent alternative because the F'LC updates the FFOPID errors changes [137].

The proposed work investigates the applicability of FOF PID controller in PMC' problem.
According to the knowledge, a previous study extended the utilization of FOF PID control to
enhance the performance of the PMC problem with different structures of FOFPID [98, ,

].

Therefore, the parameters of FFOF PID can be solved using various optimization methods.
Some of these optimization methods used are as follows: metaheuristic optimization Bat Algo-
rithm (BA) [135], Quasi-Opposition Harmonic Search (QOH S) [14], Particle Swarm Optimiza-
tion (PSO) [98, ], a Bacterial Foraging Optimization Algorithm (BFOA) [136], Imperialist
Competitive Algorithm (/C'A) -based FOFPID [140], FFOPI — FOPD [139], FOPI with
Derivative Filter (FOPIDF') [141], Whale Optimization Algorithm (WOA) [142, ]. Asa
contribution, some recently developed structures of F'OF'PID controllers and their corresponding
algorithm techniques are well summarized in ref [144].

All previous swarm algorithms were based on a combination of deterministic rules and insuf-
ficient randomness [145]. Therefore, the influence of randomness should be increased with the

increase of iteration numbers. With the desirable properties, we require another investigated algo-
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rithm in this research. To carry that out, optimization techniques such as Spider Social Optimisation
(SSO) [146] are applied to calibrate the F'O parameters which allow the set of F'LC' output ac-
curately. Considering the trade-offs between the high randomness conditions and sensitivity to
initial conditions; inclusion of the SSO algorithm may provide better performance of the proposed

FOFPD 4+ I controller.

4.2 Description and Modeling of the System

The hybrid power system studied in our work contains two renewable energy sources: solar pho-
tovoltaic (PV'), Wind turbine generator (W1T'G) and Battery energy storage system (BESS). The
schematic depiction of the H RFE S system with different components is shown in Figure 4.1, with
the nominal values and ratings of its various elements shown in Table 4.1. In the HRES, a cen-
tralized PMC controller is used since there are less control variables. Despite its many benefits,
the centralized control system may cause a few performance criteria to deteriorate as a result of a

single control signal. Nonetheless, it results in adequate time domain performance in our study.

h N
| Ppy, .. (1)

Pppss(t)
K
> 1+sl%]1§fzsss Sd
P t
+Q BESSmaz( )

Figure 4.1: Hybrid PV/WIND/BATTERY power system.
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A transfer function is used to simulate the dynamics of any energy source [147]. The transfer
functions of the PV, WTG and BES'S may be modeled using first-order transfer functions with
the appropriate gain and time constants listed in Table 4.1 for small signal analysis. The power
generated by various generating subsystems is represented by the transfer functions of each unit.

For HRES (see Figure 4.1), the total output S(¢) may be expressed as;

S(t) = Ppy(t) + Pwra(t) + Ppess(t) 4.1)

The demand—supply imbalance can be expressed in terms of a mathematical model defined by

the error state (e) as follows;

e(t) = D(t) — S(t) 4.2)

A closed-loop optimal price control system provides a consistent approximation of balance
error to zero e(t) = 0. When e(t) > 0(e(t) < 0), supply is less (greater) than the demand,
and supply should increase (decrease ) to achieve the balance state e¢(¢) = 0. In this approach,
controlling energy balance may be accomplished using economic theoretic tools in this manner.
From the expression 4.2, the continual enforcement of the state through price regulation enables
real-time, dynamic control of the Hybrid PV/Wind/Battery energy system.

An analytical model to represent suppliers was built, with their energy generating capacity
approximated by a polynomial of energy prices, in order to run a simulation of closed-loop control.
Based on s-domain models of energy production volume varying with energy costs, the following

transfer function based on production delay from energy suppliers may be used;

1
7s+ 1

S = Sa(p) (4.3)

where,the polynomial Sy(p) = Z?:o a; P' represents the price responses of energy suppliers with
a; coefficients and d degree of the polynomial. The time constant 7 introduces a capacitive delay
to the energy production model defined by the transfer function 1/(7s + 1). This model predicts
that when the price increases, the energy generation volume assigned by energy suppliers to sell to

grid users will increase dramatically as a result of the increased profit potential. Here, the function
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for generating prices was supposed to be as Sy(p) = 0,001p* + 1, 7p.

4.2.1 Model of photovoltaic system

For small signal analysis, the transfer functions of the PV may also be represented as [148],

Kpy

="V 4.4
1+ STPV ( )

GPV

where K py and T'py are the gain and time constants carried by the PV system, respectively.

4.2.2 Model of wind generator

The first order transfer function may alternatively be expressed as a lag compensator as follows

[148],

Kwra
Gwrg = ————— 4.5
ra 1 —+ STIVTG ( )

where Ky ¢ and Ty are the gain and time constants of WT'G, respectively. For synchronizing

the two units, PV and WT'G, the PV system needs an inverter DC/AC.

4.2.3 Model of battery energy storage system

A resourceful tool must be present in order to quickly correct for power and load fluctuations in
order to maintain a constant balance between generation and demand. Thus, the utilization of
BESS units can be easily integrated by knowing the number of batteries and the total power that
release or absorb power. BE'S'S can be modeled by first order transfer functions with the associated
gain and time constants as [138],

KpEess

Gpss = —BESS 4.6
BESS = T T (4.6)

where Kpprss and Trpss are the gain and time of the BESS system, respectively.
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Table 4.1: Hybrid Power System Parameters.

HRES Parameters | Values
PV Kpy 1
Tpy 0.3
WIND Kwra 1
Twra 1.5
BATTERY Kppss 0.003
TBESss 0.1

The principle of the PMC' control theory is to satisfy and monitor the power, regardless of
the variations of solar irradiance and wind speed. The PMC' controls the difference between
instantaneous demand and generation power. To satisfy these significant features of PMC, the

next sections offer an explanation of its overall structure of the controller.

4.3 Design of the Fuzzy Logic Controller System

A Fuzzy Logic Controller (F'LC') is proposed to power management of the hybrid system. The
main purpose is to control the power mismatch between supply and demand. The F'LC' process is
based on empirical rules created by a human operator that are conducted on a non-linear system
[149]. Each rule is manipulated directly by the [ F' — T'H /N format. A list of rules constitutes a
rule set, or rule base. An important characteristic in the development of F'LC'is the partitioning of
the control scheme into operating regions collecting input-output.

The basic structure of a fuzzy controller consists of three components: fuzzy rules, membership
functions, and an inference mechanism. There are two major types of fuzzy systems: the Mamdani
[150] and the Sugeno [151]. A comparison of two fuzzy logic systems (Mamdani and Sugeno) is
reported in various works.

Despite offering numerous architectures of F'LC's in the literature, the Fractional Fuzzy P D“ +
I (FOFPD + I) was chosen since it has remarkable robustness and stability characteristics [ 147].

The configuration of the F’OF PD + I controller is shown in Figure 4.2. Under this configuration,
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the output of the fractional fuzzy P D" controller (FOF PD) is summed to an integral action to
give the total controller output. But in the present case the integer order rate of the error at the input
to eliminate the step response steady state error. However,we use this topology, but there are other

structures comparable to their integer order counterparts.

D(t) (t) E(1) (t) P(t) AP(t()
t e(t t UFOFPD t t S t
X K, FLC —»@» K, HRES > -~

DE(t)
fa = D i (t)
K;, P f

Figure 4.2: Block diagram of FOFPD+I controller

It has three gains K,, K4, K; and « along with K, are the optimization variables in the SSO

algorithm to be calibrated. The above scheme can be expressed by the following model:

P(t) = [uporpp(t) +ur(t)] K,
— | J(Eypelt) + KaDe(t +K/ d@

= [f(E(t)+ DE(t)) + K;le(t)| K 4.7)

The inputs of the fuzzy system are the error signal multiplied by a constant (proportional gain)
denoted by E (E(t) = Kpe(t)) and the fractional derivative of error multiplied by a constant
(integral gain) denoted by DE (DE(t) = K;D%e(t)), respectively; and the defuzzified output
signal is urorpp(t). The output/input of the system have been denoted by S(t)/D(t).

Suppose that each input and output are described by 7 linguistic variable, (NL, NM, NS, ZR,
PS, PM, PL) denote "Negative Large", "Negative Medium", "Negative Small", "Zero", "Positive
Small", "Positive Medium" and "Positive Large", respectively. Consequently, the control strategy
is modeled by a set of fuzzy rules that can be made within the /F' — T'"H E'N rule. The selected

rule base of fuzzy system to be calibrated has been given in Table 4.2. Consequently, urorpp(t)
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consists of 7 linguistic variables, or equivalently 7 membership functions, there are 49 different
combinations or membership functions forms (see Figure 4.3. The Figure 4.4 shows the surface

plane of the selected membership functions that model the premises of every rule.

Table 4.2: Rule base of E,DE inputs and the FLC controller outputs.

E
NL NM NS ZR PS PM PL
DE

NL NL NL NL NL NM NS ZR
NM NL NL NL NM NS ZR PS
NS NL NL NM NS ZR PS PM
ZR NL NM NS ZR PS PM PL
PS NM NS ZR PS PM PL PL
PM NS ZR PS PM PL PL PL
PL ZR PS PM PL PL PL PL

E(7) FOFPD

(mamdani)
49 rules

uFOFPD (7)

DE (7)

System FOFPD: 2 inputs, 1 outputs, 49 rules

Figure 4.3: Structure of the fuzzy inference system.

81



NL NM NS ZR PS
1 A 1 A
[\
[\
0.8F [ 0.8+
E=3 / \ E=3
= [ =
So6r |/ \ 206
5 5
€ \ 1S
5 / 5
goar | \ Bo4r
g | 3 \
a / a | \\
02t/ 02F/ \
// / \\
/ / \
/ | \
of of
4 08 06 04 -02 0 02 04 06 08 1 41 08 06 -04 -02 0 02 04 06 08
DE DE
(a) Input E(t) (b) Input DE(t)
NL NM NS ZR PS
11 A A
\
[\
[\
08Ff /A
o \
g ‘
4 / \
So6f |/ \ Q
E / \ ;
5 s
doar
& /
8 /
a /
“/
02}
cf/
ol

-1 -08 -06 -04 -02 0 02 04 06 08 1
uFOFPD

(c) Output u(t) (d) Control Surface

Figure 4.4: FOFPD fuzzy controller with two inputs: (a) membership functions for error input;
(b) membership functions for integral error input; (¢) membership functions for output; (d) control
surface.

4.4 Social Spider Optimization Algorithm

Cuevas et al [146] proposed the Social Spider Optimization (SSO) method, which is a population-
based swarm intelligence system. The SSO algorithm was inspired by the ideas of the social
behavior of the social spider colony, which comprises social individuals and a communal web.
Because of its efficiency, the SSO has been applied in a variety of applications, particularly when
it is applied to solve global optimization complications [152].

The basic concepts of the S'SO algorithm are planned to solve the global nonlinear optimization
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problem with constraints that can be defined as follows:

Minimize f(x) where r= (2!, ..., 2¢) € R4
(4.8)

Subjectto reX

where f : R? — R the nonlinear function. X = {z € R4|l;, < 2" < uy,h = 1,...,d} is the search
space, limited by the lower (/) and upper (uy,) constraints.

SS0 use N candidate solutions from .S population to solve the matter 4.8.Where S is divided
into two groups: males (}/) and females (F). The number N of females F is selected (65 — 90)%
from S, whilst the remaining [V, is treated as male individuals (/V,, = N — N;).Then,the set
of female members F' = { f1, fa, ..., fns} ,male individuals M = {m4, mso, ..., mny,} and groups
of population S = {s1, s9, ..., Sy },where S = {F U M} corresponding to S = {s; = fi1,82 =
fas s SNF = fNFy SNfH1 = M1, SN2 = Mo, .oy SN = My }-

The weight w; of i*"(i € 1,..., N) spider’s position evaluated by the fitness value fitness; is
formulated as,

fitness; — wrost
w; =

4.9
best — wrost 4.9)

where the best and wrost fitness values of the S.
In the S'SO optimization mechanism, the information transmission between spiders is simulated

trough vibrations. A spider ¢ perceives from a spider j according to the following expression:

2

‘/'ivj = wjedi,j (4'10)
where d?’ ; 1s the spacing between the two spiders. Any spider ¢ can perceive only three types of
vibrations:

1. The vibration exchanged by the nearest individual ¢ with a better weight with assumption

(w. > w;) and symbolized by V; ..
2. The vibration transmitted by best element b of the entire population S symbolized by V; ;.

3. If 7 is a male individual, the vibration emitted by the nearest female spideris V; 5.
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In the SSO algorithm, the operation of population N of spiders begins with £ = 0 to k = gen
deterministic iterations. Every individual in the SSO has various movement characteristics based
on the sex of a spider in order to avoid being easily caught in the local optimal solution.Individuals
are guided by a variety of evolutionary operators. Therefore, female spiders are affected by the
new position f**! by modifying the current spider location f¥. These changes are randomly con-
trolled through a probability factor PF'. By using this respect, each spider should move according
their vibrations in relation to other spiders, which are transmitted through the search space by the
following model:
fF+aVie(se— fF) 4+ B.Viy.(sy — fF) + 6.(rand — ) with probability PF

k+1 2

fF—aVie(se— fF) = B.Vip.(sp — [F) + 6.(rand — 1) with probability (1-PF)
(4.11)

The values «, 3,6 and rand symbolize random quantities between [0, 1]. For the iteration
number £,in the entire population S the individuals s. denote the nearest member to 7 that conserves
a higher weight and s, represent the best one.

On the opposite side, the male sub-populations spiders are classified into two types: dominant
members(D) and non-dominant members(N D). The dominated population D is formed by 50%
of the male members whose having higher fitness levels than the complete male set. Consequently,
the remaining non-dominant (N D) category regroups the rest of the male population. In the SSO

optimization mechanism, male spiders move according to the following model:

mf +a.Vip.(sp —mb) +6.(rand — 1) ifmfeD

mit = S b (4.12)
mf + . (" — —mf) ifmf e ND
heND

where s; denotes the closest female element to the male spider <.

Finally, the mating operation is a couple between D and the female individuals who produce
a new individual s, as a result of the combination of a dominant male m, and other female
members within a particular range r. The weight of any generated element defines the probability

of influence of each individual into s,,.,, and compared with the rest of the population. The wrost
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spider is replaced by s, with the best fitness. More details of the complete optimization process

are illustrated in [ 146].

4.5 Objective Function of Control

For the assessment control of the demand—supply imbalance, the calibration process is mentioned
in Figure 4.5. In the design stage of FFFOPD + I controller, the parameter calibration process is
transformed into a multidimensional optimization problem where fractional orders PD®, as well
as controller parameters of the fuzzy system, are both considered as decision variables. Under
this approach, the complexity of the optimization problem tends to produce multimodal error sur-
faces whose cost functions are significantly difficult to minimize.To determine the parameters, the

proposed method uses the 5SSO method.

SSO
). =
Algorithm
Hybrid
D(t) e(t) FLC P(t) S(t)
@ power
(Oé? kpa kd; ki? ku)
\ system

Figure 4.5: Proposed SSO parameters calibration process

Under such conditions, the fractional fuzzy controller parameters can be defined as a variable
vector z = [, K, K4, K;, K, ], represent the spider position for the calibration problem. To eval-
uate the performance of the (FOF PD + I) controller; the Integral Time Absolute Error (/T AFE)
criterion has been considered. The [T AE objective function J calculates the difference between
the output power S(t) produced by a determined parameter of the vector x and the demand D(t).

Therefore, considering the formalism 4.2 to achieve the best quality solution, each step is evaluated
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according to the following model:

J(z) = /0 D) — St (4.13)

where, each parameter of calibration is constrained by limits. Thereby, we can describe the final

S SO optimization expression as,

(

Minimize J(z) r=|a, K, K4, K;, K,) € R

SubjeCt to K(p,i,d,u) < K(p,i,d,u) < K(p,i,d,u) (414)

min T max

. Amin S « S Omax

min and max indicate the minimum and maximum values of the parameters in the calibration

problem.

4.6 Simulation Results and Discussion

The energy is generated by three different resources with the maximum power generation capabil-
ities of the PV system (Ppy,,,, ), the wind system (Pyr¢,,,.) and the battery system (Ppgss,,..)
being characterized as variable based on hours or days. The maximum installed power generation
capacity is,

Protatyne. = Prvine. + Pwrce. + PBEES 0s (4.15)

Figure 4.6 depicts the total power provided by a hybrid system, as well as the energy conversion
from various components over the simulation period of 7' = 24Hours. The total power gener-
ated by the generators is larger than the power required except at the moment 16 ours, where
the demand load exceeds the generation. To avoid the problem of a sharp peak at 7' = 16 Hours,
installing a new source or boosting the capacity of some or all generators will increase total genera-
tion. As a matter of fact, it is considered to determine the controller’s sensing against short external
disturbances. The scenario for the requested power is also included in the figure in which she has

oscillations rated to the total generation but it has sharp fluctuation at ¢ = 21 Hours. Depending
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on the weather conditions, the power generated by the wind drops to significantly different levels
from the first hour to the midpoint of the whole simulation period, then rises to the same beginning
level at the end of the duration. On the other hand, the converted power from the photovoltaic cells
begins to increase from the sixth hour achieving the max value in half of total period and decreases
similarly to the zero value. Ppggs,. .. denotes the corresponding energy-storing component of the
HRES system; as energy conversion from wind decreases, the state of conversion increases to

compensate the resource degradation until conversion from solar cells increases.
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Figure 4.6: Hourly power generation capacities.

For the Closed-loop system performance specifications,we select the search space for FOF PID

controller parameters as follow,

0 < a Kpiguw <5 (4.16)

where the parameters of the algorithms are set as follows:

e 5SSO parameters: PF = 0.7, Number of spiders = 30, Maximum iterations = 100, Lower and

upper percentages of females are 65 and 90 %.

* GA parameters: Population size = 30, Maximum iterations = 100, Crossover rate = (.85,

Mutation rate = 0.08.

* PSO parameters: Nombre of particles = 30, Nombre of iterations = 100, Inertia weight (w) =

0.529, Congitive factor (cl) = 1.5, Social factor (c2)=1.5.
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To demonstrate the effectiveness of the overall power management strategy, a simulation was

performed in MATLAB/Simulink environment using the initial conditions o = [1,1,1,1, 1].

? ? Y Y

Table 4.3: Calibrated parameters of FOFPD control.

a ky ka ki ke ITAE

PSO || 0.5749 | 4.4062 | 1.6112 | 2.2194 | 4.5131 | 1977.644398
GA || 0.8537 | 2.8381 | 0.9048 | 2.7402 | 1.4133 | 1618.836832

SSO || 0.7549 | 1.3087 | 0.5883 | 0.5808 | 4.9991 | 977.044969

Table 4.3 shows the best controller parameters obtained through the three algorithms, consider-
ing 100 iterations. According to the produced [T AFE reported values, the proposed 5SSO method
provides better performance than PSO and GA. The SSO is averaged over 26 executions obtain-
ing the calibrated parameters despite the nonlinear relationship between fuzzy logic memory and
fractional calculus. Also, the calibrated parameters are better and the objective function is reached.
Based on the aforementioned desired properties, the assisted version of the SSO algorithm is a

preferable choice in the instance of the FOF PD + I controller.
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Figure 4.7: Step response plot of HRES applying the calibrated parameters

Figure 4.7 presents the step demand responses of the designed closed loop control system of

with the setting of previous parameters. In terms of settling time, the SSO settles very quickly
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after a short transient gives the smallest average error between needed and generated power values.
Furthermore, the PSO and G'A configurations settles after very high peaks corresponding to high
daily average volatility energy. In this case, the system become unstable under peak demand, but
the FOF PD + I controller under SSO sets can cover the errors coming from this problem and
converge more rapidly than the PSO and G A respectively. The selection of SSO algorithm ex-

hibits good performance in terms of rapidity, robustness, average energy shortage error and energy

peak.
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Figure 4.8: HRES power generation
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Figure 4.11: BATTERY power generation

Figures 4.8,4.9,4.10,4.11 shows the characteristics of the actual power generation of all H RES
components involved in energy compensation in order to supply power to consumers. Meanwhile,
the energy-providing processes use the proposed control system, which collects data and identifies
the element from which energy is taken to compensate for the shortfall in total energy needed to
meet the demand variables.

The suggested control has a direct impact on all H RE.S system components. Firstly, the wind
energy conversion system (Figure 4.10) provides abundant, densely aggregated, high-energy at a
fast set-up time. During this period, the excess of the intermittent energy can be stored in the
battery. Then the PV panels (Figure 4.9) and battery (at alternating intervals) begin immediately
to supply the system to make up for the wind generating shortage enough to supply the entire
demand. Under the critical sharp peak, the robustness of the proposed control was characterized
by finitegain stability. When compared to the controller with PSO and GA parameters, numerical
results demonstrate that the FOF PD + I controller performs better with the S.SO algorithm.

The optimised energy value for the H RE.S system can be stored in the battery as static energy.
An important portion of the power available at the beginning of the day results from the effective
influence of the proposed controller on the H RE'S system components, which is a first-order func-

tion on the opposite side of the overall H RE'S system characterized by a nonlinear function. Such
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a situation of great benefit of power can affect the battery or charging system elements.

As aresult, there is a significant performance difference between the controllers. The suggested
SSO algorithm improves system performance and it outperforms the SO and G A configurations
in terms of steady state error, power variations and settling time. To ensure the minimum energy
compensation, the control scheme proposed has high robustness properties by anticipating its im-
pact by reducing fluctuations in power generation. Thus, it may be concluded that the best system
response may be gained with the SSO algorithm tuned to the FOF PD + I controller.

Change in load is a noteworthy source of perturbation in H RES power systems. Although
we previously added a sharp peak demand, for better monitoring the performance of the calibrated
parameters generated by the SSO algorithm, the H RES model was subjected to significant load
perturbation AP(t) = 0.05D(t). As depicted in Figure 4.12 there is no significant mismatch
between load and generation. We can accept the excellent fulfillment between the internal and ex-
ternal disturbances in terms of rejection using the same control parameters. Also, The performance

of the entire system are improved in both static and dynamic regimes.
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Figure 4.12: HRES power generation with disturbance
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4.7 Conclusion

This work proposes an intelligent control technique for power management PM C' in a hybrid re-
newable energy system (H RES) using a fractional fuzzy FOFPD + I controller. Under the
suggested scheme, the parameters of the controller are considered as decision variables and their
required task is the calibration of the fuzzy system. In the calibration process, the relevant pa-
rameters of the controller are transformed into a restricted optimization problem. We define only
one objective function based on the absolute value of the balance between supply and demand
in the H RE'S power system. The objective function solution is then allocated using an adapted
SSO algorithm through the IT AE criterion. Once the SSO has converged on the nominal sys-
tem, the estimated parameters have been evaluated considering the dynamical system. To assess
the performance of the 5SSO algorithm, it has been compared to conventional PSO and G'A algo-
rithms.The results demonstrate that the proposed algorithm outperforms the conventional in terms
of robustness properties and is able to handle internal and external disturbances. Finally, the aims
were attained by an intelligent optimization algorithm that enhanced the dynamic performance of
the PM C controller with low power consumption and overall H RE'S high power conversion effi-
ciency. In future research, several algorithms that are based on evolutionary computation principles
to calibrate the parameters of a fuzzy system should be investigated, with a focus on enhancing

power management.
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Conclusions and Further Work
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Conclusions and Further Work

The current research focused on energy saving in hybrid systems, which is an important topic in
electrical engineering applications. In today’s renewable energy systems, the growing interaction of
technological, economic, and environmental restrictions necessitates enhanced design and control
approaches. Our objectives were to study control laws in hybrid systems based on several renewable
energy sources that constitute an interesting alternative for the better exploitation of energy in
electrical systems.

In the first Chapter, we presented the future prospects of renewable energy in Algeria, where
we focused on the importance of microgrids in the energy transition. Then, the state of the art
concerning the production of electrical energy from the two wind and solar generation systems was
presented. The two energy sources’ modes of operation have been described in detail. There’s also
a reminder of the key concepts that go into integrating a hybrid renewable energy system. Because
the microgrid is being considered in this study, multiple topologies were built based on the literature
review to combine the essential components that make up microgrid systems (the panels, wind,
battery, and inverters, as well as the loads). We discovered that the hybrid microgrid with three-
stage designs and fewer converters is the preferable choice after analyzing various topologies and
control layers. The study of energy management in a hybrid microgrid system architecture provides
an idea for energy conservation through efficient control of power quality and management.

The second Chapter was divided into two parts, the first of which was specifically designed to
ensure the power balance in the PV system. After modeling the PV array based on the manu-
facturer’s data sheet, the M PPT' technique based on perturb and observe optimisation was used
in PV systems to maximize the output power. Furthermore, as a last resort, in view of the PV

system analysis, a robust and stable control strategy control of the boost inverter plays a central
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role in maintaining the voltage stability of the DC bus. In the second part, the regulated voltage is
supposed to be used as an input in modeling a three-phase DC/AC inverter with an output power
filter for the application. The space vector PW M technology has been considered, and it is well
presented and discussed. Furthermore, the state space representation of an inverter power system
in the continuous and discrete-time domains is illustrated. Furthermore, a control approach should
be proposed for designing the robust voltage regulation of a DC/AC inverter system.

In the Chapter 3, the power quality problem was addressed for better energy-saving through
a new proposed controller. Within the study, we designed conventional servomechanism control
for the voltage of a three-phase PW M inverter. In addition, this was followed by designing a
new voltage controller employing the optimised structure of the FFOPID controller with AF'W's
approaches. The comparison of results in the frequency and temporal domains shows improvement
in the robust performance and 7'H D reduction in the second one. Thus, the intended power quality
control objective has been met, and the load efficiency has been increased.

In Chapter 4, the power management problem was addressed by a newly developed and imple-
mented control method for the automatic operation of the microgrid. The fractional order controller
was created to control the /'LC output through different optimisation tools. The results were com-
pared based on the variation in power output of the microgrid system, where the social spider
algorithm provided better performance in noise rejection and better power management.

In terms of future work in the field of energy-saving control, it will be interesting to see if new
techniques in the PV system’s M P PT" control model can be used to assure stable and optimum DC
bus voltage regulation. Furthermore, given the difficulty of optimum asset scheduling in systems
with a variety of uncertainties, it is critical to apply more fundamental or hybrid methods to get
better parameter values for controllers. Experimental validation of the idea to validate the suggested

control techniques in real time is another way to progress.
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Appendix A

Basic Concepts of Fractional Order

Calculus

A.1 Fractional Order Calculus

Fractional order dynamic systems are modeled using differential equations, involving non-integer
and/or derivative integral operators. Since these operators produce continuous irrational transfer
functions, or discrete transfer functions of infinite dimension, fractional models are normally stud-
ied using simulation tools instead of analytical methods. This section provides an overview of the
fundamental aspects of Fractional Calculus and the discrete integer/derivative-order approxima-
tions of the fractional order operators.

The differential-integral operator, represented by ,Dj*, combines the fractional derivative and

integral into a single expression, which is defined as:

DY =<1 a=0 (A.1)

| [odr)e a<t

where o € R,and a,t are the operation bounds. The most widely used approximation models of

the fractional derivatives are the Grunwald-Letnikov, Riemann-Liouville and Caputo [153].
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Let f be a continuous function defined on R, then the Grunwald-Letnikov approximation of

fractional derivative of the function is defined as,
N ) N e _
Dif(t) = lim = S (<17 ) £t - ) (A2)

In the numerical calculation, the approximation of the ov — th derivative at the points kh, (k =

1,2, ...) is expressed as follow,

k
. (6%
sty D)~ S (17 () f - ) (A3)
=0 ]

J

where M, denotes the memory length, A is the time step (¢, = kh). For the calculation of the

[«
binomial coefficients (—1)7 , we can use the following form with initial condition,
J
(o) (o) l+a
¢y =1, ¢ = (1-— 7 ) (A4)

After some rearrangement we can obtain the general numerical solution of the fractional differ-

ential equation,

y(t) = () t)h* =7 Ay () (A.5)

Jj=1

A.2 Numerical discrete approximation of fractional operators

In the Laplace domain, the fractional operator is defined as L(,D{f(t)) = s*F(s), with zero
initial conditions. Several methods for creating discrete versions of continuous operators of type s*
have been presented [154]. The Grunwald-Letnikov approximation was employed in this research

because of its significant properties for creating discrete data [155]. Considering this approach, the
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discredited model of the continuous fractional operators is given by,

D) = ()
00 1 a
= —)%(—1 z7k
CIN
= ih“(k)z‘k (A.6)

where h®(k) is the impulse response function, 7 is the sampling frequency. In the previous lit-
erature works, it has been demonstrated that the rational model converge considerably faster than
polynomial method. Consequently, the most notably Padé approximation method has been em-

ployed to solve a fractional model by using the following expression,

bo+biz '+ ...+ bz™
ap+ a1zt + ...+ apz

= Z h(k)z7", m<n (A7)
k=0

H(z"") =

where the values m,n and the modifiable parameters a; and b; are calculated by replacing the

first m + n + 1 coefficients of h* (k).
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BP MSX 120

120-Watt Multicrystalline
Photovoltaic Module

bp solar

BP Solar’s MSX series is a premium line of PV modules with a 25-year performance warranty,
tightly controlled electrical parameters, and labeling showing each module’s tested electrical
characteristics. Providing 120 watts of nominal maximum power, the MSX 120 is used primarily
in large battery-equipped PV systems or—through an inverter—to provide AC power directly to
a load. Typical applications include grid-supplemental residential and commercial systems,
telecommunications, remote villages and clinics, pumping, and land-based navigation aids. Its
attractive bronze-anodized frame also suits it well for architectural applications.

This product is available as a framed module or an unframed laminate, in 12V or 24V nominal
configurations, with either:
» Dual high-volume junction boxes which allow on-site 12V/24V selection by rewiring (MSX 120);
« Installation-speeding DC-rated polarized connectors (MSX 120MC).

Proven Materials

and Construction

BP Solar’s quarter-century of field
experience shows in every aspect
of these module’s construction and
materials:

* 72 multicrystalline silicon solar
cells configured as one series
string or two 36-cell series strings
(bypass diodes are included);

« Cells are laminated between
sheets of ethylene vinyl acetate
(EVA) and high-transmissivity
low-iron 3mm tempered glass;

« Frame strength exceeds require-
ments of certifying agencies.

Bronze Anodized
Universal Frame

connection blocks enable most
system array connections (putting
modules in series or parallel) to be
made right in the boxes. Options
include:

« an oversize terminal block which
accepts conductors up to 25mm?
(AWG #4); standard terminals
accept up to 6mm? (AWG #10);

= a Solarstate™ charge regulator.

Products with junction boxes may be
rewired to provide 12V or 24V output.

BP MSX 120

MSX 120 laminates also qualify for
the above listings and certifications;
MSX 120MC laminates are UL-
recognized. MSX 120 modules and
laminates with junction boxes are

Limited Warranties
« Power output for 25 years;
« Freedom from defects in
materials and workmanship

Weatherproof Connectors

MSX 120MC output is via heavy-duty

(4mm?/AWG #12) output cables with
polarized weatherproof DC-rated
connectors which provide reliable
low-resistance connections, eliminate
wiring errors, and speed installation.
Asymmetrical cables enable side-by-
side or end-to-end module placement
in arrays.

High-Capacity Versatile
Junction Box

The junction boxes of the MSX 120
are raintight (IP54 rated) and accept
PG13.5 or 1/2" nominal conduit or
cable fittings. Their volume (411cc,
25 cubic inches) and 6-terminal

©2002 BP Solar Global Marketing

for 5 years.
See our website or your local
representative for full terms of
these warranties.

Individually Tested
and Labeled

Each module tested and labeled with
its actual output—voltage, current,
and power at maximum power point
(Pmax)—at Standard Test Conditions
and Standard Operating Conditions.

also certified by PowerMark
Corporation and approved by Factory
Mutual Research for application in
NEC Class 1, Division 2, Groups

C & D hazardous locations.

W<ed

e TOV

01-4003-2 2/02



Quality and Safety

MSX 120 and MSX 120MC modules are manufactured in our ISO 9001-

certified factories, listed by Underwriter’s Laboratories for electrical and

fire safety (Class C fire rating), certified by TUV Rheinland as Class ||

equipment, and comply with the requirements of IEC 61215 including:
= repetitive cycling between -40°C and 85°C at 85% relative humidity;

« simulated impact of 25mm (one-inch) hail at terminal velocity;

* a “damp heat” test, consisting of 1000 hours of exposure to 85°C
and 85% relative humidity;

* a “hot-spot” test, which determines a module’s ability to tolerate
localized shadowing (which can cause reverse-biased operation and
localized heating);

« static loading, front and back, of 2400 pascals (50 psf); front loading
(e.g. snow) of 5400 pascals (113 psf).

Electrical Characteristics®

MSX 120 MSX 110°
Maximum power (P ax)* 120w 110W
Voltage at Pijax (Vmp) 33.7V 33.6V
Current at Pmay (Imp) 3.56A 3.3A
Minimum P3¢ 114W 105w
Short-circuit current (Igc) 3.87A 3.6A
Open-circuit voltage (V) 42.1V 41.6V
Temperature coefficient of Igc (0.065+0.015)%/°C
Temperature coefficient of V. -(80+10)mV/°C
Temperature coefficient of power -(0.5+0.05)%/°C
NOCT?® 47+2°C
Maximum system voltage 600V (_U.S. NEC rating)
1000V (TUV Rheinland rating)
Maximum series fuse rating 20A
Notes MSX 120 I-V Curves
1. These data represent the performance of typical MSX 110 and 80 40
MSX 120 products in 24V configuration. The data are based on
measurements made in accordance with ASTM E1036 corrected 70 |35

to SRC (Standard Reporting Conditions, also known as STC or

Standard Test Conditions), which are:

« illumination of 1 kW/m? (1 sun) at spectral distribution of AM
1.5 (ASTM EB892 global spectral irradiance);

60 |30

« cell temperature of 25°C. 50 |25
2. During the stabilization process which occurs during the first <
few months of deployment, module power may decrease e 40 [20
. o ’ S
approximately 3% from typical P4y 5

30 5

w

. The cells in an illuminated module operate hotter than the
ambient temperature. NOCT (Nominal Operating Cell
Temperature) is an indicator of this temperature differential, and 20 |10
is the cell temperature under Standard Operating Conditions:
ambient temperature of 20°C, solar irradiation of 0.8 kW/m?,

and wind speed of 1 m/s. 10 05
4. The power of solar cells varies in the normal course of
production; the MSX 110 is assembled using cells of slightly |
lower power than the MSX 120. 24V 0m ——>10 20 30 40

12V nom

5—> 10 15 20 25

Voltage (V)
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Summary

A Contribution to Energy Saving in Electrical Control Systems

In many cases, geographical and economic factors prevent energy companies from elec-
trifying remote areas. But these remote areas are developing standalone microgeneration
systems based on renewable energy sources, which are called microgrids.The developed
standalone microgrid suffers from the intermittent nature of renewable energy sources.
It therefore seems essential to adopt energy-saving controls that allow effective energy
management. This thesis presents whole system modelling and control of hybrid mi-
crogrids, including photovoltaic generator and wind turbine system sources as well as
battery energy storage systems. The main aim of this thesis was to save energy by focus-
ing generally on the energy management system, with particular attention given to power
quality and management, assuming that there are robust available control techniques for
the specified energy management features. The work was then discussed and evaluated
using the MATLAB/SIMULINK program. The simulation results illustrate the effective-

ness of each suggested control on the energy-saving rate.

Keywords:

Energy-saving, microgrid power system, hybrid renewable energy system, power con-

verter, PV generator, wind turbine generator.
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Résumé

Contribution a L’économie de L’énergie dans les Systémes de

Commande Electrique

Dans des nombreuses régions éloignées, des obstacles géographiques et économiques em-
péchent les sociétés énergétiques d’électrifier. Mais ces régions éloignées développent des
systemes de micro-génération autonomes basés sur des sources d’énergie renouvelables,
appelés micro-réseaux. Le micro-réseau autonome développé souffre du caractere inter-
mittent des sources d’énergie renouvelables. Il apparait donc indispensable d’adopter une
politique d’optimisation énergétique permettant une maitrise efficace de I’énergie. Cette
theése présente la modélisation et la commande de systemes complets de micro—réseaux
hybrides, y compris les sources de générateurs photovoltaiques et de systemes d’€éoliennes
ainsi que les systemes de stockage d’énergie par batterie. L’objectif principal de cette
these était d’économiser de 1’énergie en se concentrant généralement sur le systeme de
gestion de I’énergie, avec une attention particuliere accordée a la qualité et a la gestion
de puissance, en supposant qu’il existe des techniques de commande robustes disponibles
pour les fonctionnalités de gestion de 1’énergie spécifiées. Le travail a ensuite été discuté
et évalué a I’aide du programme MATLAB/SIMULINK. Les résultats de la simulation

illustrent I’efficacité de chaque commande proposée sur le taux d’économie d’énergie.

Mots clés:

Economie d’énergie, systeme micro-réseau électrique, systeme d’énergie renouvelable

hybride, convertisseur de puissance, générateur PV, éolienne.
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