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Abstract

The increasing demand for sustainable and reliable energy sources has led to the emergence
of hybrid renewable energy systems as viable alternatives for standalone applications. This
report presents a comprehensive study on the design, modeling, control, and simulation of
a hybrid renewable energy system using Matlab Sumilink comprising a photovoltaic (PV)
array integrated with a battery storage system. A detailed mathematical model is developed
to capture the dynamic behavior of the PV array and battery storage system, considering
factors such as solar irradiance and battery state of charge.

The proposed control strategy ensures optimal operation and seamless transition between
PV and battery sources using MATLAB functions. The control algorithm is implemented and
validated through simulation studies utilizing advanced software tools, providing a realistic
representation of the hybrid system’s performance under various operating conditions.

This study demonstrates the effectiveness of the hybrid renewable energy system in en-
hancing energy reliability and sustainability, offering a practical solution for standalone en-
ergy applications. The findings provide valuable insights into the dynamic interactions within
hybrid systems and underscore the potential for significant improvements in energy efficiency

and operational costs.
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General Introduction

The development and implementation of renewable energy systems has been prompted by
the increasing emphasis on sustainable energy solutions across the world. The capacity of
photovoltaic (PV) systems to capture solar energy, a plentiful and clean resource, makes
them stand out among the others. To provide a steady and dependable power source, en-
ergy storage devices, such batteries, must be included due to the random nature of solar
power output. In order to maximize the performance and dependability of a PV and battery
standalone hybrid system, this thesis investigates the system behavior under various con-
ditions. In addition to enhancing performance and reliability, standalone PV and battery
hybrid systems play a crucial role in areas lacking a reliable grid infrastructure. These sys-
tems provide a dependable source of electricity where traditional grid connections are either
unavailable or unreliable. This capability is particularly beneficial in remote regions, islands,
and rural areas, where establishing conventional power infrastructure is economically or lo-
gistically challenging. By harnessing solar energy and storing it in batteries, these systems
not only ensure continuous power availability but also contribute to reducing dependency
on fossil fuels and mitigating greenhouse gas emissions. Thus, they serve as a sustainable
and resilient energy solution, addressing energy access issues and promoting environmental
sustainability in diverse geographical settings. Chapter 1 provides a comprehensive overview
of hybrid energy systems, emphasizing the integration of PV panels and battery storage.
This chapter discusses the fundamental principles of hybrid systems, their components, and
the importance of effective energy management.

In Chapter 2, we delve into the modeling of the PV and battery standalone hybrid system.
This chapter outlines the theoretical and mathematical models used to represent the various
components of the hybrid system, including the PV panels, batteries,converters and inverters.
Accurate modeling is crucial for simulating the system’s behavior under different conditions
and for designing effective energy management strategies.

Chapter 3 focuses on the control strategies implemented to manage the energy flow
within the hybrid system. This chapter details the Maximum Power Point Tracking (MPPT)
techniques used to maximize the efficiency of the PV panels, and the Proportional-Integral
(PI) controllers employed to regulate the charging and discharging processes of the battery.
Additionally, the chapter discusses the use of bipolar Pulse Width Modulation (PWM) to
control the inverter and the functions designed to manage load distribution. These control
mechanisms are critical for ensuring the optimal operation of the hybrid system, balancing

energy production with consumption, and maintaining system stability.



The results of our research are presented and analyzed in Chapter 4. This chapter dis-
cusses the behaviour of the system under the energy management and control strategies,
using simulation. The performance of the hybrid system is evaluated under different scenar-
ios, and the findings are discussed briefly.

The important elements of energy management in PV and battery standalone hybrid
systems are covered in this thesis’ conclusion. This research attempts to progress the area
of renewable energy systems and promote sustainable energy solutions through an organized

strategy.



Chapter 1

Overview on Hybrid renewable energy

systems and Energy Management



1.1 Introduction

This chapter highlights the significance of HRES in the production of sustainable energy,
examines its possible advantages, and discusses the difficulties in putting HRES into practice.
The main elements of HRES, including as energy storage and photovoltaic (PV) systems, are
covered in further detail in this chapter. In order to maximize financial gains and enhance

system performance, it concludes by talking about several energy management techniques.

1.2 Hybrid Energy Systems

There are several approaches to define hybrid energy systems. The most comprehensive,
and arguably most helpful, is this one: ”"Hybrid energy systems are combinations of two or
more fuels for the same device, or two or more energy conversion devices (such as electricity
generators or storage devices), that when integrated, overcome limitations that may be
inherent in either.” This definition is helpful since it covers a broad variety of scenarios and

highlights the crucial aspect of energy conversion multiplicity [1].

1.2.1 Stand-alone hybrid systems

Systems that generate electricity without relying on the utility grid as shown in Figure
1.1, are referred to as stand-alone systems. These are better suited for the most isolated
areas where no other energy source is available and the grid cannot reach. Since standalone
systems are frequently the most economical option for applications located distant from
the utility grid, they make up the bulk of solar installations in remote parts of the world.
Auxiliary power units for emergency services or military usage, lighthouses and other remote

installations, and manufacturing plants with sensitive electronics are a few examples[2].
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Figure 1.1: Stand-alone hybrid systems

1.2.2 hybrid solar system

Grid-tied and off-grid elements are combined in hybrid solar systems to provide a flexible
energy option. These systems combine grid connectivity, battery storage, and solar panels
to provide effective energy management. Reduced reliance on the grid, backup power during
blackouts, and possible cost savings through energy-efficient use are among the advantages.
By using just solar energy and batteries, off-grid devices function separately from the grid.
Off-grid solutions offer total energy autonomy, but because of their limited battery capacity,
they come with higher initial costs and need regular energy management. The decision
between off-grid and hybrid systems is based on grid access, budget, and energy requirements.
For household energy solutions, hybrid systems often provide a balanced approach by fusing

affordability, dependability, and sustainability|[3].

1.3 Solar Cell Integration

Solar or photovoltaic cells are semiconductor-based devices that convert solar light directly
into electrical energy. A direct current (DC) electric field is created when sunlight strikes

the semiconductor material on the surface of the solar cell, exciting the electrons to flow.



The generated electricity can then be used to replenish batteries, power electronics, or feed
back into the electrical grid. Solar cells have become a major source of renewable energy
in recent years because of their ability to generate clean, renewable power directly from the
Sun [4].

1.3.1 Efficiency of solar cells

The model of the solar cell influences its properties. A perfect solar cell is believed to be
similar to a perfect diode with a current source connected in parallel, as shown in Figure

1.2[5].

Y

Figure 1.2: Equivalent diagram of the ideal solar cell

1.3.1.1 Open-circuit voltage (Voc)

This is the maximum voltage that a solar cell can produce when it is not connected to a

load. It represents the voltage at which the current flowing through the cell is zero|6].

KT (1
Vie = nTln (]Lohﬂ) (1.1)

Where:
e Iph is the light generated current.
e [0 is the saturation current.
e 1 is the ideality factor.
e T is the temperature in Kelvin.
e k is the Boltzmann’s constant.

e q is the charge of the electron[7].



1.3.1.2 Short-circuit current (Isc)

A solar cell that has its terminals shorted out can only generate this much current. It is a

representation of the current that passes through the cell in the absence of any resistance[6].

Jee = qG(Ln + L) (1.2)

Where: G is the generation rate, and Ln and Lp are the electron and hole diffusion

lengths respectively[8].

I = Jee X A (1.3)

Where: Jsc is the open circuit current density, A is the area of the solar cell.

1.3.1.3 Fill factor (FF)

This represents the efficiency with which light is converted into electrical energy by a solar
cell. It is the relationship between the solar cell’s maximum power and the sum of its

open-circuit voltage and short-circuit current[6].

~ Vax Iy

FF = ——
‘/OCXISC

(1.4)

1.3.1.4 Efficiency

This indicates how effectively a solar cell generates electrical energy from sunlight. This is

the solar cell’s electrical power output divided by the solar power that it receives[6].

~ Vee X Iy X FF

= (1.5)

1.3.1.5 Maximum power point (MPP)

This is the operating point of a solar cell that produces the maximum power output. It is

the voltage and current combination that gives the highest product of voltage and current.
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1.3.2 The influence of temperature and irradiation

1.3.2.1 The influence of temperature

For the operation of a solar panel, the PV cell must be exposed to solar radiation. This
causes heating, and temperature affects the various characteristics of the cell [9]. The solar
irradiance was set to 1000 W/m?, and the temperature was varied from 25°C to 75°C. The

resulting trends are presented below:
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Figure 1.5: Influence of Temperature on PV Power

It is observed that an increase in temperature primarily leads to a decrease in voltage,
consequently reducing the power of the PV system. Figure 1.5 shows that an increase in

temperature from 25°C to 75°C results in a 25% drop in power.

1.3.2.2 The Influence of Irradiation

A constant temperature of 25°C was maintained while varying the solar irradiance (G) from
200 W/m? to 1500 W/m?. The obtained results are illustrated in the following figures.
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1.3.3 Advantages and disadvantages of solar energy

1.3.3.1 Advantages of solar energy

e Renewable energy source: Solar energy is a renewable energy source, which means that it
is replenished by the sun’s radiation and will never run out.

e Low operating costs: Once installed, solar cells have very low operating costs, as they
do not require any fuel or regular maintenance.

e Environmentally friendly: Solar energy produces no emissions or pollution, making it
a clean and environmentally friendly source of energy.

e Reduced dependence on fossil fuels: Solar energy reduces our dependence on fossil fuels,
which are a finite resource and a major contributor to climate change.

e Versatility: Solar cells can be installed in a wide range of locations and applications,

from large-scale power plants to small rooftop installations.

1.3.3.2 Disadvantages of solar energy

e High upfront costs: Solar cell installations can have high upfront costs, including the cost
of the solar panels, installation, and necessary components such as batteries and inverters.

e Weather-dependent: Solar energy production can be affected by weather conditions,
such as clouds, rain, and snow, which can reduce the amount of sunlight available to the
solar cells.

e Limited efficiency: Solar cells currently have a limited efficiency, with commercial cells
typically converting only around 15-25% of the incident solar energy into electrical energy.

e Land use: Large-scale solar energy installations require significant amounts of land,
which can be a challenge in densely populated areas.

e Fnergy storage: Solar energy is not always available when it is needed, which means
that energy storage solutions such as batteries are necessary to ensure a continuous supply

of power.

1.4 Energy Storage Systems

Energy storage systems play a pivotal role in ensuring the reliability and stability of power
generated from intermittent sources like solar cells. This section reviews the state-of-the-art
in energy storage technologies, ranging from traditional batteries to emerging solutions like

supercapacitors and advanced storage materials. By synthesizing existing research, we aim



to identify the most suitable energy storage systems for integration with solar cells, taking

into account factors such as scalability, efficiency, and cost-effectiveness.

1.4.1 Important features of batteries

Efficiency: The efficiency of a battery is usually denoted by round-trip efficiency at nominal
conditions and is often in the range of 70-80 percents , where the efficiency is dependent on
discharge rate among other factors.

Life span: The life span is often quantified by the number of charge/discharge cycles.
Several factors affect the life span, amongst others, discharge rate, depth of discharge and
temperature conditions.

State of charge (SOC): This refers to the relative capacity at the moment. A state of
charge of 1 implies that the current battery capacity is equal to the rated capacity.

Depth of discharge (DOD): Depth of discharge is the reverse of the state of charge.

Self discharge: Batteries in idle condition will discharge at some rate. Self discharge
refers to the rate at which the battery discharges if not in use.

Operating temperature: Temperature range for normal operation.

Specific energy density: The amount of energy possible to store per kg, given in Watt
hours per kg.

Specific power density: The power capability in Watt per kg [10]

1.4.2 Battery types

There are many different battery types, some of them are plotted in figure 1.8 by their

specific energy density and specific power density.

10
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Figure 1.8: Distribution of different electrochemical batteries by their power and energy
density

Lead acid: This battery type is the oldest and most mature technology and has been
used for many power system applications. The main advantage of lead-acid battery is the
low cost compared to other types.

Li-Ion: Lithium Ion batteries are very low-weight, energy dense, and power dense as
shown in figure 1.8 These characteristics make them suitable for many portable applications.
The production cost is high and the batteries lifetime degrade with deep discharges. Data

for from a lithium ion discharge curve is used in the battery simulation in this paper.

1.4.3 Battery capacity
The capacity of a battery is actually dependent on the rate at which it is discharged. This
dependence is expressed by the Peukert equation (1.6).

c,=I1%.T (1.6)

In equation (1.6)Cp is the Peukert capacity [Ah], I is the discharge current [A], T is the
maximum discharge time and k is the Peukert coefficient. Manipulating the equation and

introducing the rated discharge time and rated capacity produces equation (1.7) :

11



I,=C (%)H (1.7)

Where H is the rated discharge time in hours, C is the rated capacity at the discharge
time of H, I is the actual current in [A], k is the Peukert coefficient and It is effective capacity
[Ah] at the discharge rate of I. It is clear from equation (1.7) that the higher the current,

the lower the actual capacity will be.

1.5 Energy Management

Energy management in power systems is crucial for ensuring the balance between supply and
demand, maintaining grid stability, and integrating renewable energy sources. The increasing
complexity of modern power grids, driven by the proliferation of distributed generation
and variable renewable energy, necessitates advanced energy management strategies. This
chapter reviews the primary approaches to energy management, focusing on Rule-Based
Strategies (RBS), Frequency-Based Strategies (FBS), and Optimization-Based Strategies
(OBS).

1.5.1 Energy Management Strategies

1.5.1.1 Rule-Based Strategies (RBS)

Rule-Based Strategies (RBS) involve using predefined rules to control energy consumption
and generation. These strategies are often simple to implement and do not require extensive
computational resources. For example, load shedding rules can be applied during peak

demand periods to prevent overloading the grid.

e Advantages:

1. Simplicity: Easy to design and implement.

2. Low Cost: Minimal computational requirements and infrastructure needs.

3. Reliability: Well-suited for predictable and stable conditions.

e Limitations:

1. Lack of Flexibility: Rigid rules may not adapt well to dynamic changes in the grid.

2. Suboptimal Performance: May not achieve the best possible outcomes compared

to more sophisticated methods .

12



e Applications:

1. Industrial Load Management: RBS are widely used in industrial settings where
energy consumption patterns are predictable. Specific rules might be set to turn off
non-essential equipment during peak hours, helping to manage the load and reduce

energy costs.

2. Building Energy Management Systems (BEMS): These systems use rule-based
controls to manage heating, ventilation, and air conditioning (HVAC) systems, lighting,

and other building services to optimize energy use and comfort levels.

3. Emergency Load Shedding: In critical situations where the grid is under severe
stress, RBS can be used to quickly shed non-essential loads to prevent widespread
blackouts.

1.5.1.2 Frequency-Based Strategies (FBS)

Frequency-Based Strategies (FBS) utilize the system frequency as a key indicator of the
balance between supply and demand. When the frequency deviates from its nominal value,

it signals an imbalance that needs to be corrected by adjusting generation or load.
e Advantages:

1. Real-Time Response: Provides immediate feedback and adjustment to maintain

grid stability.
2. Automatic Control: Reduces the need for manual intervention.
e Limitations:

1. Sensitivity: Can be overly sensitive to minor fluctuations, leading to frequent adjust-

ments.

2. Complexity: Requires precise measurement and control mechanisms.
e Applications:

1. Grid Frequency Regulation: FBS are commonly used in grid operations to maintain
stability. For instance, automatic generation control (AGC) systems adjust the output

of generators to keep the frequency within acceptable limits.
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2.

3.

Renewable Energy Integration: As renewable energy sources like wind and solar
can cause fluctuations in frequency, FBS can help manage these variations by adjusting

loads or dispatching reserve power.

Microgrids: In microgrid systems, FBS can ensure stable operation by balancing

local generation and demand, especially when isolated from the main grid.

1.5.1.3 Optimization-Based Strategies (OBS)

Optimization-Based Strategies (OBS) employ mathematical and computational techniques

to find the optimal balance of energy generation, distribution, and consumption. These

strategies consider various constraints and objectives, such as minimizing costs, reducing

emissions, and ensuring reliability.

e Advantages:

1. Efficiency: Can achieve near-optimal solutions, improving overall system perfor-
mance.

2. Flexibility: Capable of handling complex, multi-objective problems.

Limitations:

1. Computational Intensity: Requires significant computational resources and sophis-

ticated algorithms.

. Data Dependency: Relies heavily on accurate and timely data.

Applications:

. Smart Grid Optimization: OBS are extensively used in smart grid applications,

where advanced algorithms optimize energy dispatch, demand response, and the inte-
gration of renewable energy sources. Techniques such as linear programming, dynamic

programming, and genetic algorithms are commonly employed [11].

Energy Market Participation: Power system operators use OBS to optimize bids
in electricity markets, considering factors like price forecasts, generation costs, and

regulatory constraints.

Renewable Energy Scheduling: OBS help in scheduling the generation from re-
newable sources while ensuring the reliability of the grid, considering the variability

and uncertainty associated with these sources .
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4. Distributed Energy Resources (DER): OBS can optimize the operation of DERs
like rooftop solar panels, battery storage, and electric vehicles, improving overall system

efficiency and reducing costs[11].

1.5.2 Advantages of Energy Management in PV Systems
e Increased Efficiency and Performance:

Effective energy management strategies, such as Maximum Power Point Tracking (MPPT),
enhance the efficiency of PV systems by ensuring that the PV panels operate at their optimal
power point under varying environmental conditions. This maximizes energy capture and
improves overall system performance. Additionally, incorporating advanced algorithms and

real-time monitoring can further optimize energy production and reduce losses.
e Grid Stability and Reliability:

PV systems, when integrated with energy storage and smart grid technologies, can contribute
significantly to grid stability and reliability. Energy storage systems, such as batteries, allow
excess energy generated during peak sunlight hours to be stored and used during periods of
low generation or high demand, thereby smoothing out fluctuations and ensuring a steady
power supply. Moreover, demand response strategies enable PV systems to adjust energy
consumption patterns based on real-time grid conditions, helping to balance supply and

demand.
e Economic Benefits:

Energy management strategies can lead to substantial economic benefits for both consumers
and PV system operators. By optimizing the use of generated energy and minimizing waste,
these strategies can reduce energy costs. Programs such as net metering and feed-in tariffs
provide financial incentives for feeding excess energy back into the grid, creating additional
revenue streams for PV system owners. Furthermore, the integration of energy storage can

reduce peak demand charges by supplying stored energy during high-demand periods.
¢ Environmental Impact:

Optimizing PV systems through effective energy management directly contributes to en-
vironmental sustainability by maximizing the use of clean, renewable energy and reducing
reliance on fossil fuels. This leads to a decrease in greenhouse gas emissions and other pol-
lutants associated with conventional energy generation. Enhanced PV system efficiency also
means that less land and fewer resources are needed to produce the same amount of energy,

reducing the environmental footprint of solar power installations.
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e Energy Independence:

For remote or off-grid applications, PV systems equipped with robust energy management
and storage capabilities can provide reliable and independent power sources. This is partic-
ularly beneficial for rural or isolated areas where extending the electrical grid is not feasible.
By ensuring a stable supply of electricity, PV systems can support local development, im-

prove living standards, and reduce dependence on external energy sources.
e Integration with Other Renewable Sources:

Hybrid systems that combine PV with other renewable energy sources, such as wind or
hydro, can offer enhanced energy security and reliability. Effective energy management
in these hybrid systems ensures that the strengths of different technologies are leveraged,
providing a more consistent and reliable power supply. For instance, during periods of
low solar irradiance, wind or hydro resources can compensate, thereby ensuring continuous

energy availability.
e Support for Electrification Initiatives:

Energy management in PV systems plays a crucial role in supporting electrification ini-
tiatives, particularly in developing regions. By providing a reliable and scalable energy
solution, PV systems can accelerate the electrification of underserved areas, promoting eco-
nomic development and improving quality of life. Effective management ensures that these
systems can meet growing energy demands and adapt to changing conditions, making them

a sustainable long-term solution.
e Enhanced Grid Integration:

Advanced energy management techniques facilitate the seamless integration of PV systems
into existing power grids. This includes synchronizing PV generation with grid demands,
managing intermittency, and ensuring compliance with grid codes and standards. Improved
integration helps utilities to better manage distributed generation, enhance grid resilience,

and support the transition to a more decentralized energy system|[12].
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1.6 Conclusion

This chapter comprehensively explored hybrid energy systems, solar cell integration, energy
storage systems, and energy management. It highlighted the versatility of stand-alone and
hybrid solar systems, examined the efficiency and environmental factors affecting solar cells,
and discussed their advantages and disadvantages. The critical features, types, and capac-
ities of batteries were covered, emphasizing their role in energy reliability. Finally, various
energy management strategies were presented, showcasing their benefits in enhancing sys-
tem efficiency and sustainability. Together, these insights provide a holistic understanding

of optimizing solar energy systems for maximum efficiency and reliability.
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Chapter 2

System Modeling
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2.1 Introduction

This chapter delves into the critical components and processes of solar energy systems,
providing a comprehensive overview of photovoltaic cell modeling, photovoltaic cell arrays,
battery modeling, and the adaptation stage involving various converters and inverters. Be-
ginning with the foundational principles of photovoltaic cell modeling, we explore how solar
cells convert sunlight into electrical energy. Following this, we examine the configuration of
photovoltaic cell arrays, demonstrating how individual cells are interconnected to generate
significant power outputs. The chapter also covers battery modeling, essential for efficient
energy storage and management, addressing the intermittent nature of solar power. Finally,
we investigate the adaptation stage, focusing on the roles of DC-DC converters, including
boost and buck-boost converters, and DC-AC inverters, which are crucial for optimizing

energy conversion and ensuring compatibility with diverse electrical systems.

Photovoltaic Load Demand
System —
| |
Inverter
o
f’l"y
ST o
. ."- . 1 . e —1
Rarery
' Changer
Balttcry bank DC AC

Figure 2.1: Typical Pv System

2.2 Photovoltaic cell modeling

The real photovoltaic module can be represented by the equivalent electrical circuit shown
in Figure 2.2, consisting of a current generator that produces a current in parallel with a
diode, which models the P-N junction, and two resistances:

- R,: this is the series resistance that represents the contact and connection resistance.
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- Rgp: this is the shunt resistance connected in parallel, which represents the leakage

current.

[l |
Ly <> A 4 Ran Vi

q l lsh

Figure 2.2: Real electrical circuit of the PV module

According to Kirchhoft’s law, the relationship of the current generated by the PV module

is given as follows:

Iy=1Inw—1s—1, (2.1)
Va Vish
Iy = I — I {exp (Vt) — 1] — R (2.2)
Vish = Vg (2.3)
‘/rsh = Rs X Ipv - ‘/;l (24)
So:
Vv + R, Vv + R,

I, = — I, [ exp | 2X—22 pv) — 1) —_Bprepy 2.5
p ph ( p < v, Ror (2.5)

With:

I: the current supplied by the cell.

Is: the saturation current of the diode.
Iph: photo current produced.
Vt:Thermal voltage at temperature T.
Id:The current flowing through the diode.
R,: The series resistance

R.;: The shunt resistance
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2.3 Photovoltaic cell array

2.3.1 Series connection

In having a number (Ns) of cells in order to increase the voltage of the PV generator, series
connection is employed. The cells are then traversed by the same current, and the resulting
characteristic of the series grouping is obtained by adding the elementary voltages of each
cell [13]. The electrical characteristics of a series connection of cells (Ns) are summarized by

the following equation:

V::os = Ns X ‘/;:o (26)

Toes = Ioc (2.7)

With:
- Veos: the sum of the open-circuit voltages of Ns cells in series.

- I..s: the short-circuit current of Ns cells in series.

A cell Ns cells
cell i

/ = ,/ ]
e P %— b e Veco
\ Ns |

Veo VecoNs

Figure 2.3: Series connections of PV cells

2.3.2 Parallel connection

Having a number (Np) of cells in parallel to increase the current of the PV generator. The
cells are subjected to the same voltage, and the resulting characteristic of the grouping is
obtained by adding the currents[13]. The electrical characteristics of a parallel connection

of (Np) cells are summarized by the following equation:

Lep = Ny X Ioe (2.8)
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‘/;:op = ‘/;:0 (29)

With:
- I.p: the sum of the short-circuit currents of (Np) cells in parallel.

- Veop: the open-circuit voltage of (Np) cells in parallel.

I Tee.Np
Np cells Np cells
IceNp g N ‘/
| one cell cell Veo
=
Icc | P | (S
0 Veo vy

Figure 2.4: Parallel connections of PV cells

2.3.3 Series/parallel (mixed) connections

The series connection of multiple cells forms a cell string where there is an increase in voltage
for the same current. Assembling multiple cell strings in parallel forms a module where there

is an increase in current and a conservation of voltage [13].

2.4 Battery modeling

The most common type of storage used in a PV system is a lithium-ion battery. Lithium-ion
batteries are primarily used to supply and store energy in photovoltaic systems due to their
high energy density, efficiency, and longer lifespan compared to lead-acid batteries. The
following reactions explain the electrochemical reactions in lithium-ion batteries:

Overall Reaction:
LiCOOQ + CG — LixCOOQ + CgLiw (2.10)

During each time step, the state of charge (SOC) at time ¢ (per unit) is calculated from
the previous time step SOC, adding or subtracting the charge of the battery current:

SOC(t) = SOC(tAL) + Ci/t L(r)dr (2.11)
N JtAt

where:
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At is the length of the time step in hours.

e [,(7) is the current that effectively affects the battery charge.

Cy is the nominal capacity of the battery in Ampere-hours (Ah).

7 is the time between tAt and ¢.

The battery current [,(t) is calculated as:

[bat(t) : ngzlzlt if [bat(t> >0 (Charge)
Toar (1) if Ipat(t) < O (discharge)

d
Mpat

I(t) = (2.12)

where:

o I, (t) (positive for charging, negative for discharging) is the battery current.
e 75l is the charging efficiency.

e 75 . is the discharging efficiency.

Usually, both efficiencies are considered to be the same, equal to the square root of the
roundtrip efficiency.

Lithium-Ion Battery Degradation:

The cycle life of lithium-ion batteries is significantly influenced by the depth of discharge
(DOD). According to research, the battery cycle life decreases as the DOD increases, which
is consistent with the observed performance in lead-acid batteries but more pronounced due
to the different electrochemical properties and design of lithium-ion cells.

The battery voltage at each time step is calculated depending on whether the battery is

charging or discharging:

Vi(t) = Vo — g - DOD(t) + pe(t) - 219 4 po(t) - M, - fbg:) . CCS_%gg(t) if Iy (t) > 0 (charging)
b =

Vo — g - DOD(t) + palt) - 2O 4 py(t) - My - et - DODU g 1, (1) < 0 (discharging)
(2.13)

In these equations:
e V,(t) represents the battery voltage at time ¢.
e 1} is the open-circuit equilibrium cell voltage at the fully charged state.

e g is an electrolyte proportionality constant.
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e DOD(t) is the depth of discharge at time ¢.

e p.(t) and py(t) represent the aggregated internal resistance during charge or discharge.

M. and M, are coefficients related to internal resistance.

Cy is the nominal capacity of the battery.

e SOC(t) is the state of charge at time ¢.

C. and Cy(t) represent the normalized capacity of the battery during charge or dis-

charge.

The depth of discharge (DOD) can be expressed in terms of the state of charge (SOC)

using the equation:

DOD = 100% — SOC (2.14)

The transformation of active chemicals is proportional to the DOD during charging and
discharging once the other operating circumstances are known. Research has shown that a
lithium-ion battery’s cycle life decreases with increasing DOD, as illustrated by the various

studies on lithium-ion battery degradation[14].

2.5 Adaptation stage in solar system

2.5.1 DC-DC converter

A controlled DC output can be supplied from a DC input thanks to the DC-DC converter.
As seen in Figure 2.5, they serve as an interface in photovoltaic systems between the PVG
and the load. The load will vary because of variations in temperature and radiation because
it needs to be changed to meet the solar generator’s current and voltage in order to provide
the most power. A DC-DC converter is a device used in power electronics that converts one

input voltage form to another output voltage for use in switching circuits [15].
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Figure 2.5: Block diagram of a typical standalone PV system

2.5.2 Topologies

Different DC-DC converter topologies exist. They fall into two categories: non-isolated
topologies and isolated topologies [16]. By altering the transformer turns ratio, the isolated
topologies are utilized for high frequency, small-sized electrical isolation transformers that
offer DC isolation between input and output. For these kinds of applications, flyback, half-
bridge, and full bridge topologies are common. These kinds are employed when, for safety
concerns, electrical isolation is preferred [17].

The non isolated topologies do not have isolation transformer. They are further catego-
rized into three types:

- Buck converters (step down)

- Boost converters (step up)

- Buck-Boost converters (step up and down)

The Table 2.1 illustrates the transformer turns ratio K and duty cycle D with different

non isolated topologies.

Table 2.1: Characteristics of Different Converters

Converters | Transformer Ratio and Duty Cycle
Buck D
T
Boost =5
Buck-Boost %

2.5.3 Boost converter

When PV systems are connected to utility mains via an inverter stage, the boost topology
is utilized to increase the voltage. The output voltage of this kind of converter is always

higher than the input voltage [18]. As a result, the step-up chopper may utilized with MPPT
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systems in which a higher output voltage than an input voltage is required [19]. In Figure2.6,

the circuit topology is displayed.

I I,

Vy
— >
Iey L 5 Ies
N
v = Vo
c1 T sl o+ R

1 I 1 ]

Figure 2.6: Boost converter

4
re—

e Waveforms:

The waveform of the current and voltage of the Boost converter during continuous con-

duction mode is show below in Figure 2.7 [20].

t  Town Torr

S On S Off S On "

DT

I:nt’u

ﬂ -
DT T (>+1)T

Figure 2.7: Circuit schematic of Boost converter
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The diode D is reverse biased from t=0 to t=ton while the switch S is on. As a result,
the output stage is isolated and the current in inductor L increases linearly as a result of
the input voltage source. On the other hand, the capacitor C is partially discharging and
powering the load. In Figure 2.8, the comparable circuit is displayed.

L — Iy
- o— GO0 —e—y
T T L Ie2 | T

V .|:| =]

]

Cl c2

1
] 1
‘l 1

Figure 2.8: Equivalent circuits when S is on

The output stage gets energy from the input source and the inductor simultaneously
when the switch S is off, which occurs from t=ton to t=T (duration = toff). In Figure 2.9,

the comparable circuit is displayed.

l'fL
I P — Io
> po—GI0 —o »
JTC ]_i L "rcz L l
v Ci c2 vV R

Figure 2.9: Equivalent circuits when S is off

e Voltage output Calculated:

Since in steady state time integral of the inductor voltage over one time period must be
zero [21]:

Vron = Torr(Vo — V) (2.15)

Dividing both sides by T and rearranging items yield
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_ = (2.16)

Then:

Vo= ——V (2.17)

Where:

T: The switching period.

D: The duty cycle.

It’s clear from equation 2.19 the value of VO is greater than that of V, hence the name
of Boost.

e Calculation of I0:
The diode current is given by [21]:

ID = ](] + ICQ (218)

Current I0 can be calculated using the following equation:

[Oaver = IDaver - IC’Qaver (219)

Similarly, when S is turned off, the following approximation is used:

]0 - ]Laver(]- - D) (220)
e The ripple current and voltage:

The inductance voltage is given by:

Vron = LAIL (2.21)
We can determine Al with:
VD
Al = — 2.22
= (222)

And the corresponding waveform of voltage AV0 is:

DI
AVo = 55 (2.23)

28



Where:
f: is the chopping frequency

2.5.4 Buck-Boost Converter

Bidirectional DC/DC converters serve as an intermediary between a storage device and the
DC link, thereby enabling the storage devices to be charged and discharged. Depending on
the voltage of the battery, the BDCs can operate in two modes. In the Boost mode, the
converter provides power to the DC link when the DC link voltage is greater than the battery
voltage. On the other hand, the converter functions in Buck mode, enabling the battery to
be charged using any extra power from the DC connection, when the battery voltage is lower
than the DC link voltage.

lour

—_—t
+ +
V('Z:: C;, l/‘,,” Rou

Figure 2.10: Bidirectional Buck-Boost converter

Two switching transistors, two capacitors, and an inductor make up the topology of a
BDC converter. The switching transistor’s diode is an essential component of the circuit
design because it permits bidirectional current flow between the battery storage device and
the DC connection. Figure 2.10 [22] shows the bidirectional Buck-Boost converter’s circuit
schematic. The dynamic state space equations of the bidirectional Buck-Boost converter
can be obtained by examining its ON and OFF switching states. The converter’s operating
behavior is characterized by these equations. Equations can be used to express the dynamic
equations of the bidirectional Buck-Boost converter.

dl,  Vor Ve

ﬁ:T_T'O_S) (2.24)

dVer L Iy,
= - — 2.2
dt cl (1 (2.25)
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dVi I
=g 18- O;‘—ﬁ)m (2.26)

where:
e IL is the inductor current.
e VC1 and VC2 are the voltages across capacitors C1 and C2, respectively.
e S is the switch state.
e [in is the input current.
e L is the inductance.
e C1 and C2 are the capacitances.
e Rout is the load resistance.
The duty cycle of BDCs can be represented as follow:

Vou D

v = ) (2.27)

In a DC-DC converter, the duty cycle (D) is the percentage of time that the switch is

turned on. This equation can be used to calculate it:
Ton

D= T+ Tn (2.28)

where TOFF is the switch’s OFF time (the moment it is open) and TON is the switch’s

ON time (the moment it is closed). Typically, 0 < D < 1 is used to describe the duty cycle

as a decimal fraction between 0 and 1. The required output voltage, the input voltage, and

the converter’s operating parameters will determine the duty cycle’s precise value. It can be

changed to regulate the DC-DC converter’s output voltage or power conversion ratio.

2.5.5 DC-AC Inverter

Three-phase AC power is favored in many industrial and commercial applications because
it is more efficient and can run motors, pumps, and other equipment more effectively. A
three-phase DC-AC converter Figure 2.11 makes it possible to use in these applications, DC

electricity is transformed into three-phase AC power.
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Figure 2.11: DC-AC Inverter.

Load

Six IGBTs are used in a typical three-phase bridge inverter setup; each phase leg is made

up of an upper and lower IGBT connected in a bridge configuration. This configuration

makes it possible to generate a three-phase AC output and regulate the flow of current in

each phase. Figure 2.11 depicts the power circuit of a three-phase voltage-source inverter.

In this specific example, the converter and filter models are given, and it is assumed that

the load is unknown.

In order to avoid short-circuit scenarios, the two switches in each leg of the converter

also work in concert. Consequently, three binary switching signals, Sa, Sb, and Sc, may be

used to indicate the switching states of the converter as follows [23]:

1,
Sa =

0,

1,
Sb =

0,

1,
Sa =

0,

if S1is ON and S4 is OFF
if S1is OFF and 5S4 is ON

if S2 is ON and S5 is OFF
if S2 is OFF and S5 is ON

if $3 is ON and S6 is OFF
if S3 is OFF and 56 is ON
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2.6 Conclusion

In summary, this chapter has provided an in-depth exploration of the essential elements of
solar energy systems, from photovoltaic cell modeling and array configuration to battery
modeling and the adaptation stage with various converters and inverters. Understanding
these components is fundamental to harnessing solar power efficiently and effectively. Pho-
tovoltaic cell modeling and arrays lay the groundwork for substantial power generation, while
battery modeling ensures reliable energy storage to mitigate the variability of solar energy.
The adaptation stage, with its focus on DC-DC converters and DC-AC inverters, enhances
system efficiency and compatibility. Together, these advancements contribute to the de-
velopment of robust solar energy systems, driving the transition towards a sustainable and

renewable energy future.
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Chapter 3

Control and Energy Management of the

system

33



3.1 Introduction

In the previous chapter, we extensively modeled and discussed the various components of
our Hybrid Renewable Energy System (HRES). In this chapter, we turn our attention to the
critical process of managing each component to ensure peak reliability, performance, and
efficiency. We will explore control methodologies for overseeing the operation of different
HRES components, with a particular focus on the integration of energy storage and pho-
tovoltaic (PV) systems. Key elements of effective control strategies include optimizing the
power production of PV panels and managing the charge and discharge cycles of batteries.
By implementing these approaches, we can achieve efficient and reliable operation of the
HRES.

3.2 MPPT Control

It is an electronic setup within the regulator that allows for extracting the maximum energy
from a solar photovoltaic installation. The MPPT regulator optimizes the efficiency of solar
panels by up to 30% for a given photovoltaic panel, the batteries will receive 30 % more
electricity compared to a traditional solar regulator .

PV cells are used to supply energy with the goal of obtaining the maximum power
from the panel. An MPPT server is used to control the chopper. This technique has been
developed since 1968 and has played a crucial role in the operation of the panel .

The principle of control is to vary the duty cycle D automatically until the optimal
value is obtained in order to maximize the panel’s power. Regardless of the weather condi-
tions temperature and irradiance , the converter control places the system at the maximum

operating point (Vi,,p, Lmpp)[24].
e Perturbation and Observation (P&O) Technique

The P&O algorithm involves altering the operating point of the PV module by increasing
or decreasing the duty cycle of a DC-DC converter and measuring the output power before
and after the perturbation. If the power increases, the algorithm continues to perturb the
system in the same direction. Otherwise, the system is perturbed in the opposite direction.
As the name suggests, this method operates by perturbing the system and observing the
impact on the power output of the PV generator [25].

Figure 3.1 shows the 4 possible options presented during MPP (Maximum Power Point)
tracking, with point 1 being the previous position and point 2 the current position for each
case (A, B, C, and D).
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e casA: AP < Qand AV <0
e casB: AP < 0and AV >0
e casC: AP > 0and AV >0

o casD: AP > 0and AV <0

In cases A and C, the duty cycle should be decreased, leading to an increase in the PV
module voltage.
In cases B and D, the duty cycle should be increased so that the PV module voltage

decreases.

MPPT

200 -

20 25 20 35
ALY

o
@
5_
o

Figure 3.1: The operation of the PO algorithm

The algorithm can be mathematically represented by the expression:

) )

P
V(K) = V(K — 1) + AV sign (Z_v

Condition | Change in Voltage/ | Change in Power | Action of Next Per-
Perturbation AV, AP, turbation Duty Cy-
cle
1 AV, >0 AP,, >0 Decrease
2 AV,, <0 AP,, >0 Increase
3 AV, >0 AP, <0 Increase
4 AV,, <0 AP, <0 Decrease

Table 3.1: Perturbation Conditions and Actions [26]
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According to the flowchart in the previous figure, the following block diagram has been

created:

Start of
Algorithm

Sence
Vodn), Iin)

!

Measure

ry

P(n)=V,(n)*1,.(n)
AP, = P(n)- P(n-1)
AV, = Vin)- Vi fn-1)

Decrease Increase Increase Decrease
Duty Cycle Duty Cycle Duty Cycle Duty Cycle
 J Y Y Y

Y

Upgrade Value
Voln-1)=V,,(n)
P(n-1)=Pn)

Figure 3.2: Flowchart of MPPT P&O algorithm [26]

3.3 Buck-Boost Converter Control

The control approach of the bidirectional converter is based on controlling the battery’s
charging and discharging at a predetermined Dc link voltage. The bidirectional DC-DC

converter’s control mechanism is depicted in Figure 3.3.
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Figure 3.3: Control algorithm for dc-dc buck-boost converter

eStep-down mode (Charging): At greater irradiance, the surplus voltage will exceed
the load requirement and the produced voltage will exceed the DC-link reference value.
Consequently, DC-link will be used to charge the battery system.

e Step-up mode (discharging): In this scenario, the battery will charge the DC-link to
keep its voltage at the reference value since the voltage generated will be lower at lower
irradiance than the DC-link voltage. The DC-link PI controller maintains the reference
voltage as the load and PV irradiance changes. This is the purpose of the voltage control
method used for DC-Link[27].

3.4 Control Function for The Loads

The ‘controlLoads‘ function manages the states of five different switches based on a control
variable m and the State of Charge (SoC) of a battery system. The function aims to optimize

the load control depending on these parameters.

3.4.1 Parameters

- m: A control variable that determines the operational mode over time. It takes integer
values ranging from 1 to 5.

- SoC: The State of Charge of the battery, which is a measure of the remaining capacity
of the battery expressed as a percentage.

Output:

- [v1, v2, v3, v4, vb]: An array representing the states of the five switches (loads). Each
switch can either be ON (1) or OFF (0).
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3.4.2 Detailed Function Behavior

1. SoC Threshold:

- The function uses a predefined State of Charge threshold set at 30

- This threshold is used to determine the behavior of the switches when the battery charge
is low.

2. Initial Conditions Based on SoC:

- If the SoC is greater than or equal to the threshold (30%), the function checks the value
of m to determine the states of the switches.

- If the SoC is less than the threshold, the function sets a default state for the switches
irrespective of the value of m.

3. Switch States Determination:

- Case 1 SoC greater than or equal 30%:

-m = 5: All switches (v1, v2, v3, v4, v5) are turned ON.

- m = 4: Switches v1, v2, v3, and vb are ON; v4 is OFF.

- m = 3: Switches vl and v2 are ON; v3, v4, and vH are OFF.

- m = 2: Same as m = 3: Switches vl and v2 are ON; v3, v4, and v5 are OFF.

- m = 1: Switches v1, v2, and v3 are ON; v4 and v5 are OFF.

- Case 2 SoC less than 30%:

- Regardless of m, switches vl and v2 are ON, while v3, v4, and v5 are OFF.

By using this function, the system can dynamically adjust the states of the loads based on
the battery’s State of Charge and the control variable, thereby optimizing power consumption
and ensuring efficient battery usage.

This function ensures that critical loads (v1 and v2) are always powered, even when the
battery charge is low, while selectively enabling or disabling other loads based on the control
variable m when the charge is sufficient.

The MATLAB code that was used for the simulation can be found in Appendix .

3.5 PULSE WIDTH MODULATION

A voltage across the load in a particular pattern is provided by the PWM signal’s duty
cycle variation, which appears to the load as an AC signal. The signal is sent through a
low pass filter to produce a pure sin wave. Either a digital microcontroller or basic analogue
components can be used to construct the pattern at which a PWM signal fluctuates in
power. Any of the two fundamental Topologies provide sinusoidal PWM, which regulates

the inverter’s output|28].
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3.5.1 BIPOLAR PWM INVERTER

In a single inverter leg, the upper and lower switches operate in a complementary manner,
meaning that when one switch is turned on, the other is turned off. Consequently, we
only need to consider two independent gating signals, v, and wvg3, which are generated by
comparing a sinusoidal modulating wave (v,,) with a triangular carrier wave (v..). The
inverter terminal voltages, denoted as V n and Vg, are then obtained. The output voltage
of the inverter, Vap, is given by the difference Vig = Van — Vgy. Since the waveform of Vg
alternates between positive and negative DC voltages, this method is referred to as bipolar
Pulse Width Modulation (PWM).[28]
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Figure 3.4: Waveforms of Bipolar Modulation Scheme
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3.6 CONCLUSION

This chapter focuses on control methodologies essential for the optimal performance of a
Hybrid Renewable Energy System (HRES). It covers MPPT control using the Perturbation
and Observation (P&O) method to maximize PV panel output by dynamically adjusting
the duty cycle. Buck-Boost Converter Control is discussed for managing battery charging
and discharging to maintain a stable DC-link voltage, adapting to PV power fluctuations
and load demands. The controlLoads function allocates power to loads based on available
PV power and battery state of charge, ensuring efficient energy use and prioritizing battery
charging when necessary. Additionally, Pulse Width Modulation (PWM) is explained, fo-
cusing on bipolar PWM inverters for effective DC to AC power conversion using sinusoidal
and triangular wave comparisons to produce stable AC output. These strategies collectively
optimize power production, manage energy storage, and ensure stable power conversion,

enhancing the HRES’s efficiency and reliability .
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Chapter 4

Results and Discussion
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4.1 Introduction

In this chapter, we present and discuss the simulation results, emphasizing the application
of the Energy Management System (EMS) to two distinct scenarios. These scenarios in-
corporate variations in irradiance levels, photovoltaic (PV) power output, and the state of
charge (SOC) of the battery. The primary aim is to assess the accuracy and effectiveness
of the energy management strategy implemented in the system, which is controlled using
MATLAB functions. The tests were performed within the MATLAB/Simulink simulation

environment.

4.2 Methodology

In addition to the MATLAB function introduced in the previous chapter, which accepts
inputs such as m and the State of Charge (SOC) of the battery to determine system states,
MATLAB Simulink was employed for simulation purposes. Simulink facilitated the inte-
gration of these MATLAB functions into a comprehensive simulation environment. This
approach allowed for the graphical modeling and simulation of the entire PV and battery
standalone hybrid system, enabling detailed analysis and optimization of system perfor-
mance under various operational conditions. By utilizing MATLAB Simulink, the thesis not
only modeled the behavior of individual components but also simulated their interactions to

enhance the understanding and reliability of the system design.

4.3 Application

The system comprises various components, including renewable energy resources in the form
of a Photovoltaic (PV) system (Solar Array), an Energy Storage System (ESS), three-phase
loads, power electronics devices (inverters and converters), an energy management function
and we utilize five loads in total: two principal loads, which always operate, and three
secondary loads, which operate when needed. The PV model includes a 3.4 kW Solar Array
with 8 series modules and 2 parallel strings, as depicted in the I-V and P-V characteristics
in Figure 4.1. Detailed PV characteristics are provided in the Appendix. The ESS model
features a battery pack with a voltage of 120V and a rated capacity of 250Ah. The state of

charge (SOC) of the battery varies in each simulation.
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Figure 4.1: PV array V-P and [-V characteristics.

4.4 Simulation of the Scenarios

In this simulation, we are analysing our system under two distinct scenarios based on the
state of charge (SOC) of the battery. The first scenario examines the system when the SOC
is greater than 30% and the second scenario check the system when the SOC is less than
30%.

4.4.1 First Scenario (SOC greater than 30%)

This situation typically represents a well-charged state. We will discuss how varying levels
of irradiance affect the system’s ability to utilize solar energy especially the loads . The
irradiance is initially set at 1000 .= gradually decreases over time. The state of charge
(SoC) is maintained at 70%. The principal loads have an active power rating of 1 kilowatt
each, while the secondary loads are rated at 500 watts of active power each. The irradiance

levels are shown in Figure 4.2.
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Figure 4.2: Irradiance levels #1

switche of load 1 switche of load 3 switche of load 5

switche of load2 switche of load 4

Figure 4.3: Loads switches #1

The status of load switches over time is presented in the following graphs:

e Switch of Load 1: Remained ON throughout the simulation.

Switch of Load 2: Remained ON throughout the simulation.

Switch of Load 3: Turned OFF at 4 seconds and back ON at 8 seconds.

Switch of Load 4: Turned OFF at 2 seconds and remained OFF.

Switch of Load 5: Turned OFF at 4 seconds and remained OFF.
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Figure 4.4: PV voltage, current and power 1

Observations:

e PV Voltage: Initially stable at around 230V during high irradiance periods. However,
as the irradiance decreases to 400 W/m?, there is a notable drop in the PV voltage.
This decrease is due to the Maximum Power Point Tracking (MPPT) controller, which

may not effectively track the maximum power point at low irradiance levels.
e PV Current: the current is directly proportional to the irradiance.

e PV Power: Directly proportional to the product of Vpv and Ipv and to the irradiance

decreases.
Discussion:

e From 0 to 2 second: The irradiance level is at its peak (1000 W/m?), resulting in
maximum power generation from the PV system. This is reflected in the high Vpv,

Ipv and Ppv values.

e From 2 to 4 second: The irradiance drops to 600 W/m?. The PV current show a

decrease, leading to a corresponding drop in PV power.

e From 4 to 6 second: With irradiance further reducing to 200 W/m?, the PV current

continue to decline, and the PV voltage shows a sharp decline due to low irradiance.

e From 6 to 9 second: The irradiance remains very low (50 W/m?). The PV voltage

stay constant and the current and the power decreases.
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Figure 4.5: Battery voltage, current and state of charge 1

Voltage (VB)

Observations:

e The battery voltage remains almost constant at around 129.5V throughout the time

interval.

e There are no significant fluctuations or drops in the voltage.
Discussion:

e The consistent voltage suggests that the battery is well-maintained and operating

within a stable range.

e The stable voltage during load switching events, as observed in the previous data,
indicates that the battery is effectively buffering the system against transient loads

and ensuring continuous power supply.

Current (IB):

Observations:

e The current starts at a high value around 100A and then stabilizes close to 0A for

most of the time interval.

e There is a brief period where the current becomes negative, indicating discharge.
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Discussion:

The initial high current aligns with the time when the PV system was generating high

power output, indicating battery charging.

The stabilization near OA corresponds to periods of balanced power, where PV gener-

ation matches the load demand.

The negative current observed when the loads were switched on indicates that the
battery was discharging to meet the additional power requirements, compensating for

the reduced PV power output due to lower irradiance or increased load.

State of Charge (SOC):

Observations:

e The SOC starts at around 70% and shows a slight increase initially, indicating charging.

e After reaching 4.5 Seconds, the SOC gradually decreases, indicating discharge.

Discussion:

250|
voltage(v)
200|

The initial increase in SOC corresponds to the high irradiance period, where excess

PV power is used to charge the battery.

The gradual decrease in SOC corresponds to the periods when the irradiance is de-
creasing, This shows that the battery is effectively discharging to support the loads

when PV power is insufficient.

The SOC remains relatively high throughout, indicating that the system has a good

reserve of stored energy to handle load variations and periods of low irradiance.

t(s)

Figure 4.6: Voltage DC link 1
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Results from VDC Link Plot:

Initial Increase: The DC link voltage initially increases rapidly from 0 to around 350V.
Stable Region: The voltage stabilizes and remains steady at around 350V for a period. First
Drop: There is a sudden drop in the DC link voltage from 350V to approximately 250V.
Stable Region Again: The voltage stabilizes again at around 250V for a period. Second
Drop: Another sudden drop occurs, bringing the voltage down from 250V to around 150V.
Final Stabilization: The voltage then stabilizes around 130V and remains constant

Discussion:

The voltage drop in the first time is due to the duty cycle of the boost converter changed
when the irradiance changed and the second drop is still due to the duty of boost changed
and due to low irradiance caused the MMPT miss track the PV voltage . The ability to
stabilize at lower voltage levels means that the battery system is compensating for these

changes by discharging.

4.4.2 Second Scenario(SOC less than 30%)

Here, the battery is in a relatively discharged state, requiring careful management to ensure
energy availability and system stability. We analyze how changes in irradiance impact the

energy capture and storage processes, and the implications for overall system performance.
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Figure 4.7: Irradiance levels #2

The irradiance profile shows a stepwise reduction over time, starting from 1000 W/m?
and gradually decreasing to 300 W/m?2. This indicates the varying solar energy input to the
PV system over the simulation period. The distinct steps provide a clear indication of how

the PV system would perform under different levels of solar radiation.
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switche of load2 switche of load 4

Figure 4.8: Loads switches #2

The graphs for the switches of the loads show the state of each load switch over time.
The principal loads (load 1 and load 2) remain on throughout the simulation period, while
the other loads (load 3, load 4, and load 5) remain off. We have set the control strategy such
that only the principal loads are switched on when the battery SOC is less than 30%.
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Figure 4.9: PV voltage, current and power 2

The graphs depict the behavior of the PV system’s voltage, current, and power during
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the simulation period.

e PV Voltage: Initially stable at around 230V during high irradiance periods. However,
as the irradiance decreases to 400 W/m?, there is a notable drop in the PV voltage.
This decrease is due to the Maximum Power Point Tracking (MPPT) controller, which

may not effectively track the maximum power point at low irradiance levels.
e PV Current: the current is directly proportional to the irradiance.

e PV Power: Directly proportional to the product of Vpv and Ipv and to the irradiance

decreases.
Discussion:

e At the start, with high irradiance, the PV system achieves high voltage, current, and
power levels. The MPPT effectively tracks the maximum power point, ensuring optimal

performance.

e Astheirradiance decreases in steps, the PV system’s current and power output decrease
correspondingly. Each transition period shows a clear adjustment in the system’s

electrical parameters to match the reduced solar energy input.

e During lower irradiance levels, the significant drop in PV voltage indicates that The
P&O method can struggle to accurately track the maximum power point (MPP) un-
der low irradiance conditions. This suggests that the MPPT algorithm might need

improvement to better handle low irradiance conditions.
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Figure 4.10: Battery voltage, current and state of charge 2

Voltage (Vb)

Observations:

e The battery voltage remains relatively stable throughout the simulation period, hov-

ering around 127V.

e There are no significant fluctuations or drops in the voltage.
Discussion:

e The consistent voltage suggests that the battery control system is effectively regulating

the battery voltage, ensuring stable operation.

e The stable voltage during the entire period indicates that the battery is effectively
buffering the system.

Current (Ib):

Observations:
e The battery current small negative value, indicating charging activity.

Discussion:
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e Given that the control function is set to charge the battery when the SOC is less than
30%, the negative value in current indicates that the system is effectively maintaining

the battery in a charged state.

State of Charge (SOC):

Observation:

e The state of charge of the battery shows a gradual increase from 20%, indicating slow

charging process.
Discussion:

e The gradual increase in SOC reflects the control function’s directive to charge the
battery when the SOC is below 30%. The slow rate of increase could be attributed to

the limited excess power available for charging after meeting the load demand.

voltage(v)y,

=ttt

Figure 4.11: DC link voltage 2

Results from VDC Link Plot:

The initial value of the DC bus voltage rises rapidly to around 350V at the beginning
(approximately 0.5 seconds). There is a steady phase where the DC bus voltage is maintained
at around 350V for a certain period. Several drops in the DC bus voltage can be observed
at different intervals (around 2.5 seconds, 4.5 seconds, and 6.5 seconds), each stabilizing at
a lower voltage level before rising again slightly and then stabilizing. The final stable value
of the DC bus voltage is around 130V.

Discussion:

As we have seen in the previous scenario, the the initial rise in DC bus voltage indicates
the system’s ability to quickly stabilize the DC bus when the PV generation starts. The
step changes in irradiance levels are reflected in the changes in the DC bus voltage. This
indicates that the system is responsive to changes in PV output due to varying irradiance.

The drops in the DC bus voltage is due to the sudden drop in PV output.
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4.5 Conclusion

In conclusion, the simulation results demonstrate that the Energy Management System
(EMS) effectively manages the standalone hybrid PV and battery system under varying
irradiance conditions and states of charge (SOC). When the SOC is above 30%, the system
performs robustly, maintaining stable power output in each period and efficiently shifting be-
tween charging and discharging states to support the loads. In contrast, with an SOC below
30%, the system continues to operate reliably, though with reduced PV power generation and
notable drops in DC link voltage during low irradiance periods, indicating potential areas
for MPPT algorithm improvement. Overall, the EMS proves capable of balancing supply
and demand, ensuring system stability and reliability, thereby validating the implemented

energy management strategy for standalone hybrid applications.
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General Conclusion

The conclusion of this thesis encapsulates the critical elements of energy management in PV
and battery standalone hybrid systems, reaffirming the significance of integrating renewable
energy sources with efficient storage solutions. Through a structured approach that combines
theoretical insights, methodological precision, advanced control strategies, and empirical
validation, this research contributes to the advancement of sustainable energy systems.

The findings underscore the importance of accurate modeling to predict system behavior
under various conditions, the necessity of robust control mechanisms to optimize energy
flow, and the practical implications of implementing such systems in real-world scenarios.
By addressing the challenges associated with the intermittent nature of solar power, this
thesis highlights the potential of hybrid systems to provide reliable and sustainable energy
solutions.

Ultimately, this research aims to support the growth of renewable energy technologies,
helping to move towards more sustainable energy practices. The insights from this study
are expected to guide future improvements in our hybrid energy system, leading to more
efficient and reliable renewable energy setups. Future work could focus on exploring addi-
tional scenarios, such as varying geographic locations and load profiles, to better understand
the system’s adaptability. Improving control functions and Maximum Power Point Tracking
(MPPT) algorithms could significantly enhance energy capture and system efficiency. Addi-
tionally, connecting to the grid to stabilize the DC link voltage could make the energy supply
more reliable and stable. By focusing on these areas, future research can make our system
better suited for a wider range of uses and conditions, ensuring they meet the growing needs

for sustainable energy solutions.
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Appendix

The characteristics of the pv panel is shown in Figure A.1

Block Parameters: PV Array
PV array (mask) (link)

Implements a PV array built of strings of PV modules connected in parallel. Each string consists of modules connected in series.
Allows modeling of a variety of preset PV modules available from NREL System Advisor Model (Jan. 2014) as well as user-defined PV module.

Input 1 = Sun irradiance, in W/m2, and input 2 = Cell temperature, in deg.C.

Parameters  Advanced

Array data

Display I-V and P-V characteristics of ...

Parallel strings |2

| z array @ 25 degq.C & specified irradiances

~

Irradiances (W/m2) ‘[ 1000 600 100 ]

Series-connected modules per string (8

[1000,600,100] \ :

| : Plot

Module data
Module: 'User-defined

Maximum Power (W) 213.15

Model parameters

Light-generated current IL (A) 7.8654

Cells per module (Ncell) |60

Diode saturation current 10 (A) 2.9273e-10

QOpen circuit voltage Voc (V) |36.3

Short-circuit current Isc (A) |7.84

Diode ideality factor 0.98119

Voltage at maximum power point Vmp (V) ‘29

Current at maximum power paint Imp (A) ‘7.35

Shunt resistance Rsh (ohms) 313.0553

Temperature coefficient of Voc (%/deg.C) ‘70.36099

Cancel

Figure 4.12: PV characteristics

55

Help Apply




Block Parameters: Battery *
Battery (mask) (link})

Implements a generic battery model for most popular battery types.
Temperature and aging (due to cydling) effects can be specified for
Lithium-Ton battery type.

Parameters  Discharge
Type: Lithium-Ion ~
Temperature
[ Simulate temperature effects
Aging
[ Simulate aging effects

Nominal voltage (V) |120

Rated capacity (Ah) [250

Initial state-of-charge (%) |20

Battery response time (s) |1

Cancel Apply

Figure 4.13: Battery pack characteristics.
function [v1, v2, v3, v4, vb] = controlLoads(m, SoC)
SoC_threshold = 30;

if SoC >= SoC_threshold
ifm==25

vli =1

v2 =1

v3 = 1;

vd =1

vb =1

elseif m == 4
vi =1

v2 =1

v3 = 1;

vd =0

vb = 1;

elseif m == 3
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elseif m == 2

else

else
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