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ABSTRACT
ADVANCED DESIGN AND OPTIMIZATION OF NOVEL FIBONACCI SWITCHED-

CAPACITOR CONVERTERS FOR ULTRA-HIGH-EFFICIENCY DC-DC POWER
CONVERSION

by
MANSOUR ZUBAIR HAWSAWI

Adviser: Mohamed A. Zohdy, Ph.D.

The study explores the design and analysis of two DC-DC converter configurations
integrated with solar photovoltaic (PV) renewable energy systems, comparing the
conventional boost converter with a novel Fibonacci switched-capacitor (FSC) boost
converter. Advanced Maximum Power Point Tracking (MPPT) algorithms, including
Perturb and Observe (P&O), Incremental Conductance (INC), Genetic Algorithm (GA),
and Particle Swarm Optimization (PSO), are paired with both converters to optimize
energy extraction from solar PV systems. Simulation results reveal that both converter
topologies, when combined with the appropriate MPPT algorithms, effectively maximize
power output from the solar PV system.

The FSC converter demonstrates exceptional performance, particularly in terms of
current handling and voltage regulations. Featuring a modular arrangement of capacitors
and MOSFETSs synchronized by the CD4007 IC, the FSC converter adapts efficiently to
dynamic load changes and varying irradiance conditions, resulting in enhanced current
control, minimized output voltage fluctuations, and improved voltage regulation.
Integrated with the GA-MPPT algorithm, the FSC converter achieves a significant boost

in output current, reaching up to 70 A compared to just 10 A for the conventional boost



converter. Furthermore, the FSC design excels in reducing electromagnetic interference
(EMI) and simplifies thermal management, making it an ideal solution for high-efficiency
applications.

Both converter topologies are validated through MATLAB/Simulink simulations and
hardware implementations. The hardware prototype, incorporating IRF540 MOSFETSs
and 22 pF capacitors, shows the scalability, compactness, and reliability of the FSC
converter. The findings highlight the potential of the FSC converter in renewable energy
systems, automotive applications, portable electronics, and other high-efficiency,
compact systems. It positions the FSC topology as a promising alternative to traditional
inductor-based designs, offering an innovative solution to address performance

limitations in renewable energy conversion.
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CHAPER ONE

INTRODUCTION

The field of renewable energy, particularly solar photovoltaic (PV) systems, has
seen significant advancements in recent years[1]. DC-DC converters play a vital role in
enhancing the performance of solar photovoltaic (PV) systems by optimizing energy
extraction through advanced Maximum Power Point Tracking (MPPT) techniques[2].
These converters dynamically regulate the power flow, ensuring efficient harvesting of
solar energy while maintaining voltage stability and improving overall system
efficiency[3]. Their integration with sophisticated MPPT algorithms enables precise
tracking of the maximum power point, maximizing the energy yield from solar PV
systems[4]. This dissertation presents a comparative analysis of conventional boost
converters and switched-capacitor boost converters, highlighting their roles in enhancing
the performance of solar photovoltaic (PV) systems. Special emphasis is placed on the
Fibonacci switched-capacitor topology, with a focus on optimizing circuit design to
achieve superior efficiency and performance. Furthermore, the study explores the
implementation of the improved circuit in both software and hardware, ensuring its

practicality and effectiveness in real-world applications.

1.1 Literature Review

DC-DC converters and MPPT techniques have undergone extensive research. Early
works focused on traditional boost converters due to their simplicity and effectiveness in

basic power conversion tasks[5]. Laid the foundation for MPPT algorithms by
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introducing the Perturb and Observe (P&O) method, which has since been widely applied
to solar PV systems. However, despite its popularity, P&O has limitations in dynamic
conditions, leading to inefficiencies in power extraction.

Laid the foundation for MPPT algorithms by introducing the Perturb and Observe (P&O)
method, which has since been widely applied to solar PV systems. However, despite its
popularity, P&O has limitations in dynamic conditions, leading to inefficiencies in power
extraction.

Incremental Conductance (INC) emerged to address these limitations, offering
more accurate MPP tracking under changing irradiance levels, as described by[6]. More
recently, metaheuristic algorithms like Particle Swarm Optimization (PSO) and Genetic
Algorithms (GA) have been introduced to improve MPPT efficiency. Studies by [7]
demonstrate that these techniques offer superior performance compared to traditional
methods.

In addition, switched capacitor converters have attracted increasing interest due to
their ability to achieve higher voltage gains without the need for inductors, demonstrated
that switched capacitor converters combined with advanced MPPT algorithms can
outperform conventional boost converters in solar PV systems[8].

Research on Fibonacci switched-capacitor (FSC) converters has advanced
significantly, with several studies focusing on improving their performance and
efficiency. One study explores a high voltage gain switched-capacitor DC-DC converter
utilizing three parallel-connected Fibonacci converters, demonstrating enhanced
efficiency and reduced voltage stress[9]. Another research effort presents a monolithic
voltage-scalable FSC converter with an intrinsic charge recycling technique, aimed at
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minimizing parasitic charge losses and improving overall energy conversion
efficiency[10]. Furthermore, the general analysis of Fibonacci charge pump SSL output
characteristics provides a theoretical derivation of an analytical model that incorporates
bottom-plate and closed-switch parasitic capacitances, offering valuable insights into
circuit non-idealities[11]. Additionally, a multiphase Fibonacci switched-capacitor
converter is analyzed using a novel Switched Fibonacci Number (SFN) representation
and algebraic modeling, with experimental validation confirming its effectiveness[12]. In
addition, a practical design strategy for a two-phase step-up FSC converter introduces
two novel gate-driving techniques designed to simplify circuit complexity and enhance
converter reliability[13],[14].

In parallel, DC-DC boost converter technologies have also evolved to address
challenges related to efficiency, power density, and voltage gain. A high-efficiency soft-
switched boost converter has been investigated for renewable energy applications,
integrating zero-voltage switching (ZVS) and zero-current switching (ZCS) techniques to
reduce switching losses and improve overall efficiency[15], [16]. Another study focuses
on an interleaved boost converter with coupled inductors, demonstrating enhanced power
density and reduced current ripple[17]. Moreover, a high step-up DC-DC converter
incorporating a voltage multiplier and coupled inductor has been introduced to achieve
ultra-high voltage gain with minimal switching losses[18]. A non-isolated quadratic boost
converter has also been developed, providing a significantly high voltage gain suitable
for fuel cell and battery-powered applications[19]. Lastly, a hybrid switched-capacitor
and inductor-based boost converter combines the advantages of both technologies to
optimize efficiency and reduce component stress, making it a promising approach for
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high-performance power conversion[20], [21].

1.2 Motivation and Research Goal

The primary motivation for this research is the need to enhance solar PV system
efficiency by improving the performance of DC-DC converters and MPPT algorithms.
Traditional boost converters have certain limitations, particularly in handling dynamic
environmental conditions. This dissertation aims to explore switched capacitor converters
as a potential solution, comparing them with conventional boost converters to determine

their suitability for solar PV applications.

1.3 Dissertation Contributions

This dissertation makes several contributions to the field of solar energy and power
electronics:

« A comprehensive comparative analysis between conventional boost converters
and switched capacitor boost converters.

« An evaluation of the effectiveness of various MPPT algorithms (P&O, INC, PSO,
GA) in enhancing the performance of these converters.

« The application of the Genetic Algorithm (GA) with MPPT enhances the FSC
converter’s performance, significantly improving the output voltage profile and
providing better current control and voltage regulation.

« The introduction of a novel Fibonacci sequence design for switched capacitor
converters.

 Performance evaluation of both converter types using MATLAB/Simulink
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simulations under dynamic conditions.

1.4 Overview of Renewable Energy Systems

In recent years, renewable energy has emerged as a critical solution for addressing the
environmental and economic challenges posed by conventional energy sources. The
increasing concerns about greenhouse gas emissions, resource depletion, and the long-
term sustainability of fossil fuels have driven both policymakers and industries to explore
cleaner and more sustainable alternatives[22]. As a result, solar energy has become one
of the most widely adopted and rapidly growing renewable energy sources worldwide,
contributing to the global shift towards sustainable energy systems[23].

The core technology driving solar energy adoption is the photovoltaic (PV) system,
which converts sunlight directly into electricity through the photovoltaic effect[24]. PV
systems are not only scalable but also versatile, making them suitable for a wide range of
applications, from small residential installations to large utility-scale solar farms[25]. The
increasing efficiency of photovoltaic cells, along with the declining costs of PV
technology, has accelerated the deployment of solar energy systems across the globe[22].
Moreover, the integration of PV systems with grid networks and the development of
storage solutions have further enhanced the feasibility and reliability of solar energy as a
primary energy source[25].

Despite these advancements, photovoltaic systems are inherently variable due to their
dependence on environmental factors such as irradiance (the intensity of sunlight) and

temperature[24]. Solar irradiance can fluctuate throughout the day due to cloud cover,
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shading, or changes in the sun's position, while temperature variations can impact the
efficiency of PV cells[25]. These fluctuations pose significant challenges in maintaining a
consistent power output, which is crucial for reliable energy generation and grid stability.
As solar PV systems continue to expand, the need for optimizing energy conversion and
ensuring system efficiency becomes even more critical[26].

To address these challenges, the role of power electronics, specifically DC-DC
converters, has become essential in the integration of solar PV systems[27]. DC-DC
converters are responsible for regulating the voltage and current from the solar panels to
match the load or grid requirements, ensuring that the system operates efficiently under
varying environmental conditions. These converters not only step up or step down the
voltage as needed but also help in reducing power losses, thereby improving the overall
energy yield of the PV system.

Additionally, Maximum Power Point Tracking (MPPT) algorithms play a vital role in
enhancing the performance of solar PV systems by dynamically adjusting the operating
point of the PV array to ensure maximum power extraction. MPPT techniques
continuously monitor the output of the solar panels and adjust the load to ensure that the
system operates at its optimal power point, even when environmental conditions are not
ideal. This capability is especially important in large-scale PV systems, where even small
efficiency improvements can result in significant increases in overall power output.
Various MPPT algorithms, ranging from traditional methods like Perturb and Observe
(P&O) and Incremental Conductance (INC) to more advanced techniques such as Particle
Swarm Optimization (PSO) and Genetic Algorithms (GA), have been developed to
enhance the efficiency of solar PV systems under dynamic conditions.
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1.5 Role of DC-DC Converters in Solar PV Systems

DC-DC converters are pivotal components in the integration and operation of solar
photovoltaic (PV) systems[28]. Their primary function is to regulate and optimize the
voltage and current produced by solar panels to ensure that the maximum possible power
is transferred from the PV array to the load or the grid[29]. Given the fluctuating nature
of solar energy, caused by factors such as varying irradiance and temperature, the role of
DC-DC converters becomes even more critical in maintaining system stability and
efficiency[30]. The precise control and power management provided by these converters
enable solar PV systems to function effectively across a wide range of environmental
conditions, thereby enhancing both the reliability and the efficiency of solar energy
harvesting.

At the heart of this regulatory process is the ability of DC-DC converters to match the
PV system's output to the load or grid requirements by stepping up or stepping down the
voltage as necessary[31]. This process is essential because the voltage output from solar
panels can vary significantly depending on environmental conditions. For instance,
during periods of low irradiance, such as cloudy days or early mornings, the voltage
output from the solar array may be insufficient for the system's load requirements,
necessitating a step-up conversion. Conversely, during periods of high irradiance, the
voltage may need to be stepped down to protect the load or the inverter from overvoltage

conditions[32]. Without efficient DC-DC conversion, much of the energy produced by
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solar PV systems would be lost, especially during suboptimal operating conditions,
leading to reduced overall system efficiency[33].

Traditionally, the conventional boost converter has been the most commonly used
topology in solar PV systems for stepping up the voltage from the solar array to a higher
level that is suitable for grid or load integration[3],[34]. This converter topology is
simple, reliable, and cost-effective, making it widely applicable in residential and small-
scale solar installations[35]. However, conventional boost converters exhibit several
limitations, particularly in dynamic environments where the input voltage fluctuates
rapidly due to changes in sunlight exposure[36]. Under such conditions, conventional
boost converters may experience significant efficiency losses due to their reliance on
inductors[37], which can lead to slow response times, higher power losses, and reduced
voltage regulation accuracy.

One of the key limitations of conventional boost converters is their inefficiency in
handling high power levels. The inductor used in these converters tends to saturate at
high currents, leading to increased power dissipation and heat generation[38]. This not
only affects the overall system efficiency but also limits the scalability of the converter
for larger solar PV systems. As a result, conventional boost converters are often less
suited for large-scale solar farms or environments where the solar irradiance fluctuates
rapidly, such as in regions prone to partial shading or where there are frequent transitions
between cloudy and sunny conditions.

In response to these challenges, alternative DC-DC converter topologies have been
developed to improve the efficiency and performance of solar PV systems under dynamic
conditions[39]. One promising solution is the switched capacitor (SC) converter. Unlike
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conventional boost converters, which rely heavily on inductors for energy storage and
transfer, switched capacitor converters use capacitors and switches to step up or step-
down voltage. This allows for a more compact and efficient design, particularly in
applications where high voltage gains are required without the drawbacks of inductor-
based energy transfer.

Switched capacitor converters offer several advantages over conventional boost
converters. First, they eliminate the need for bulky and lossy inductors, which reduces the
overall size, weight, and cost of the system[40]. This makes SC converters particularly
attractive for applications where space is a constraint, such as in rooftop solar
installations or portable solar power systems. Second, SC converters can achieve higher
voltage gains compared to conventional boost converters, making them more efficient in
scenarios where large voltage step-ups are required. This is especially relevant in grid-
tied solar systems, where the output voltage from the solar array often needs to be
significantly higher than the input voltage to meet grid requirements.

Moreover, switched capacitor converters have been shown to perform better under
rapidly changing environmental conditions, offering faster response times and better
voltage regulation than their conventional counterparts. Studies have demonstrated that
SC converters can more effectively handle the dynamic nature of solar energy, providing
greater stability and efficiency in systems where irradiance levels fluctuate frequently
throughout the day[41]. This improved performance is particularly important in
maximizing the energy yield of solar PV systems, as it allows the system to extract more

power from the solar array even under suboptimal conditions.
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Despite the advantages of switched capacitor converters, their adoption of large-scale
solar PV systems is still in the early stages. One of the challenges associated with SC
converters is their complexity in terms of control and switching schemes. The increased
number of switches and capacitors required in SC topologies can complicate the design
and control strategy, particularly when scaling up for larger systems[42]. However,
advancements in digital control and power electronics have made it possible to mitigate
these challenges, and ongoing research continues to improve the scalability and

performance of switched capacitor converters for solar applications.

1.6 Fundamental and Background of PID controller

A Proportional Integral Derivative (PID) controller is a widely used control loop
feedback mechanism in industrial control systems. It is employed to regulate processes
such as temperature, pressure, flow, speed, and other variables. The PID controller
continuously calculates an error value as the difference between a desired setpoint (SP)
and a measured process variable, and applies a correction based on proportional, integral,

and derivative terms[43].

1.6.1: The PID controller consists of three main components:

1.6.1.1: Proportional (P) Term:

e The proportional term produces an output that is proportional to the current

error value.
e The proportional gain (K,) determines the strength of the response to the

error.
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Formula: P = K, x e(t) (1.2)
Where:

e (t) is error at time t

Effect: Reduces the error but may not eliminate it completely, leading to a

steady-state error.

1.6.1.2: Integral (1) Term:

The integral term accounts for the accumulation of past errors over time.

It helps eliminate steady-state errors by integrating the error over time.

The integral gain (K;) determines the weight of past errors

Formula: I = K; X fote(t) X dt (1.2)
Effect: Eliminates residual steady-state errors but can cause overshoot if not

tuned properly.

1.6.1.3: Derivative (D) Term:

The derivative term predicts future error based on the rate of change of the
error.
It dampens the system response and reduces overshoot.

The derivative gain (K,;) determines the sensitivity to the rate of change.

Formula: D = K, x £® (1.3)
dt

Effect: Improves stability and reduces oscillations.
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1.6.2: Mathematical Representation of the PID Controller

The PID (Proportional Integral Derivative) controller is a classical control
technique used to regulate system outputs by minimizing errors. The general

mathematical equation for a PID controller is[44]:

Out(t) =P = K, x e(t) + K; X f;e(t) X dt+ Ky X d;t) (1.4)

1.6.3: Background and History

o The PID controller was first developed in the early 20th century for

industrial automation[45].

e It became widely adopted due to its simplicity, effectiveness, and adaptability

to a wide range of systems.

e The Ziegler-Nichols method, introduced in the 1940s, provided a systematic

way to tune PID controllers[46].

1.6.4: Advantages of PID Controllers

e Simple structure and easy to implement.
e Effective for a wide range of systems.

e Can be tuned to achieve precise control.

1.6.5: Limitations of PID Controllers

e May not perform well for highly nonlinear or complex systems.
e Requires careful tuning to avoid instability or oscillations.

e Sensitive to noise in the derivative term.
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CHAPTER TWO

MAXIMUM POWER POINT TRACKING TECHNIQUES

Maximum Power Point Tracking (MPPT) algorithms play a vital role in enhancing
the efficiency of solar photovoltaic (PV) systems by ensuring that the system operates at
its maximum power point (MPP) under varying environmental conditions. The ability of
MPPT algorithms to dynamically adjust the operating parameters of the PV array, in
response to changes in irradiance, temperature, and shading, is crucial for maximizing the
energy output of the system[47]. As solar PV systems are inherently variable due to their
dependence on sunlight, MPPT techniques allow for the real-time optimization of the
energy harvested from the solar panels. This chapter provides a comprehensive analysis
of the various MPPT algorithms, their respective strengths and weaknesses, and their
applicability to different DC-DC converter topologies used in solar energy systems.
MPPT algorithms are essential for optimizing the power output of solar PV systems[48].

2.1 Overview of MPPT Technigues

Maximum Power Point Tracking (MPPT) techniques are integral to the efficient
operation of solar photovoltaic (PV) systems. Their primary function is to ensure that the
PV system continuously operates at its Maximum Power Point (MPP), the point where
the solar panels produce the maximum possible power output under given environmental
conditions[49]. Achieving this requires dynamic adjustments to the system’s operating
parameters, as the MPP varies with changes in environmental factors such as solar

irradiance, temperature, and shading[50]. The ability of MPPT algorithms to optimize
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power extraction from the PV array, regardless of fluctuating environmental conditions, is
essential for improving the overall efficiency and energy yield of solar PV systems[51].

The need for MPPT arises from the non-linear current-voltage (I-V) and power-
voltage (P-V) characteristics of solar cells[52]. The power generated by a PV module
depends on both the voltage and current, which are directly influenced by environmental
conditions. As the irradiance and temperature change throughout the day, the MPP shifts
along the P-V curve. Without a proper MPPT technique, a PV system would operate
inefficiently, either below or above the MPP, leading to significant energy losses. MPPT
algorithms, therefore, serve the critical function of tracking and adjusting the operating
point to ensure that the system remains at or near the MPP, thereby maximizing the
energy harvested from the solar array[53].

Over the years, numerous MPPT techniques have been developed and refined,
ranging from simple, heuristic methods to more sophisticated, algorithm-based
approaches. These techniques vary in terms of complexity, response speed, tracking
accuracy, and implementation costs, making them suitable for different applications
depending on the size and requirements of the PV system. Among the most used MPPT
techniques are Perturb and Observe (P&O), Incremental Conductance (INC), and more
advanced metaheuristic algorithms such as Particle Swarm Optimization (PSO) and

Genetic Algorithms (GA).
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2.2 Perturb and Observe (P&0O) Algorithm

The Perturb and Observe (P&O) algorithm is one of the simplest and most widely
used MPPT techniques due to its ease of implementation and low computational
requirements. The fundamental concept behind the P&O method is to periodically perturb
the operating voltage of the PV array and observe the resulting change in power output. If
the power increases after the perturbation, the system continues to adjust the operating
voltage in the same direction; if the power decreases, the perturbation direction is
reversed. This iterative process allows the system to track the MPP by continuously
adjusting the voltage and moving towards the point of maximum power[54].

While the P&O algorithm is effective in stable environmental conditions, its
performance is limited under rapidly changing irradiance or temperature[55]. The
algorithm tends to oscillate around the MPP, leading to energy losses during steady-state
operation[56]. Furthermore, under conditions where the MPP shifts rapidly (e.g., due to
passing clouds or shading), the P&O method may fail to accurately track the new MPP,
resulting in suboptimal power extraction. Despite these limitations, P&O remains popular
for small-scale and cost-sensitive PV applications, particularly where the simplicity of the
algorithm outweighs the need for high tracking accuracy.

The P&O algorithm is one of the earliest and most widely used MPPT techniques due
to its simplicity. It works by periodically perturbing the system's operating point and
observing changes in power output. While effective in stable conditions, P&O suffers
from power losses due to oscillations around the MPP under fluctuating environmental

conditions[57].
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The Perturb and Observe (P&O) Algorithm operates based on the iterative adjustment
of the operating voltage of a solar PV array to track the Maximum Power Point (MPP).
This process involves perturbing (changing) the operating voltage and observing the
resulting change in power output. The basic equations governing the P&O algorithm are
focused on the relationship between voltage, current, and power in a PV system. Here are
the key equations and principles used in the P&O algorithm:

1- Power Calculation: The power output of the PV module is calculated at each
perturbation step:

P=V xI (2.1)

Where:
o P isthe power output of the PV array.
e Vs the voltage across the PV array.
o lis the current output of the PV array
2- Perturbation and Observation: The core of the P&O algorithm involves
perturbing the voltage of the PV module and observing the change in power.
The following conditions are evaluated to determine the next step:
e If'the change in power AP with respect to the change in voltage AV is
positive:
AP = Pnew — Pold > 0 and AV = Vnew —Vold >0 (2.2)
It means that increasing the voltage moves the operating point closer to the MPP,
so the perturbation should continue in the same direction (increase the voltage).
e If the change in power AP is negative:

AP = Pnew — Pold < 0and AV =Vnew —Vold <0 (2.3)
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It indicates that the perturbation has moved the operating point away from the
MPP, so the perturbation direction should be reversed (decrease the voltage).
3- Direction of Adjustment: The P&O algorithm adjusts the voltage in the

following way based on the sign of AP:
o |If i >0 (2.4)
AV
Increase voltage to move closer to the MPP.

AP
If 2 <0 (2.5)

Decrease voltage to return towards the MPP.
4- Step Size Adjustment: The step size AV determines how much the voltage is
perturbed during each iteration:
Vnew = Vold + AV (2.6)
The step size AV affects the speed of convergence to the MPP. A larger AV
results in faster tracking but may cause larger oscillations around the MPP, while a
smaller AV results in more precise tracking but slower response times. Here is the flow

chart for P&O algorithm.
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Figure 2.1 Perturbation and Observation Algorithm[58]

2.2.1 Strengths:

The primary advantage of the P&O algorithm is its simplicity. It requires minimal
computational resources, making it ideal for cost-sensitive applications and small-scale
solar PV systems where processing power and hardware complexity are limited.
Additionally, P&O is relatively easy to implement, and its real-time operation makes it

effective in basic MPPT tasks under stable environmental conditions.
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2.2.2 \Weaknesses:

However, the P&O method has notable limitations, particularly in dynamic
environments where irradiance and temperature change rapidly. The algorithm tends to
oscillate around the MPP, leading to power losses during steady-state operation.
Moreover, when environmental conditions change rapidly, such as during partial shading
or cloudy conditions, the P&O algorithm may fail to accurately track the MPP, resulting
in suboptimal power extraction[59]. These oscillations and tracking inaccuracies reduce
the overall efficiency of the system, especially in large-scale or grid-connected solar PV

installations.

2.3 Incremental Conductance (INC) Algorithm

The INC algorithm addresses some of the shortcomings of P&O by using the
derivative of the power with respect to the voltage to track the MPP more accurately. It
performs better under rapidly changing irradiance levels but is more complex to
implement[60].

The Incremental Conductance (INC) algorithm was developed to address some of the
limitations associated with the P&O method, particularly its inability to accurately track
the MPP under dynamic conditions. The INC technique is based on the derivative of the
power with respect to the voltage is zero (dP/dV = 0). By continuously measuring the
incremental conductance (dI/dV) and comparing it to the instantaneous conductance
(1/V), the INC algorithm can determine whether the operating point is to the left or right

of the MPP and adjust the voltage accordingly.

dPpv

avpv =0 @7
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(2.9)

(2.10)

(2.11)

The INC algorithm offers several advantages over the P&O method, particularly in

terms of its ability to more accurately track the MPP under rapidly changing

environmental conditions. Because INC directly calculates the slope of the P-V curve, it

can adjust the operating voltage more precisely, reducing the oscillations around the MPP

and improving the overall efficiency of the system. However, INC is more complex to

implement and requires higher computational resources, making it more suitable for

larger PV systems where the performance benefits justify the added complexity. Here is

the flow chart for INC algorithm.
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Figure 2.2 The flow chart for INC algorithm

2.3.1 Strengths

One of the key advantages of the INC algorithm is its ability to track the MPP more
accurately than P&O, particularly under rapidly changing environmental conditions. By
directly calculating the slope of the P-V curve, the algorithm reduces oscillations around
the MPP and improves the overall tracking accuracy. This makes INC a suitable choice

for applications where precision and performance are critical, such as in large-scale PV
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systems and systems operating in regions with frequent shading or rapidly changing

weather conditions.

2.3.2 Weaknesses

Despite its improved tracking accuracy, the INC algorithm is more complex to
implement than P&O. It requires more computational resources and hardware capability,
making it less suitable for small-scale or low-cost PV systems. Additionally, INC's
increased complexity can result in longer tracking times in some scenarios, which may

reduce the algorithm’s overall speed in comparison to simpler techniques.

2.4 Particle Swarm Optimization (PSO)

In recent years, the application of metaheuristic algorithms, such as Particle Swarm
Optimization (PSO) and Genetic Algorithm (GA), has gained traction in the field of
MPPT for solar PV systems[61]. These algorithms are inspired by natural processes and
employ a population-based search strategy to find the global maximum in a search space,
making them well-suited for tracking the MPP in complex and dynamic environments,
such as systems affected by partial shading[62].

Particle Swarm Optimization (PSO) is a bio-inspired algorithm based on the social
behavior of birds flocking or fish schooling. In the context of MPPT, PSO operates by
initializing a population of candidate solutions (particles) that explore the P-V curve in
search of the MPP[63]. Each particle adjusts its position in the search space based on its
own experience and the experience of neighboring particles. The algorithm iteratively
updates the position of each particle, moving towards the point of maximum power with

each iteration. PSO has been shown to offer fast convergence and high accuracy in
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tracking the MPP, especially in scenarios involving partial shading where multiple local
maxima may exist[64]. By utilizing a global search strategy, PSO is able to avoid getting
trapped in local maxima, a common problem faced by traditional MPPT algorithms like
P&O and INC[65]. The PSO algorithm is as follows:

The position vector is given by equation

X =[X1,X2,..,Xn] (2.12)

The Velocity vector is given in Equation (2.12)

V = [V1,V2,...,Vn] (2.13)

Particle’s best position and Global best position are given in Equations (16) and
(17) respectively

Pbest = [Pbest1, Pbest2,..., Pbestn] (2.14)

Gbest = [Gbestl,Gbest2,...,Gbestn] (2.13)

The update equation is given in Equation (2.14).

Vnew = w * V + ¢l * rad() * (Pbest — X) + c2 * rand() * (Gbest — X)  (2.15)

The position update as

Xnew = X + Vnew (2.16)
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Figure 2.3 The flow chart for PSO algorithm[66]

2.4.1 Strengths:
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PSO offers several advantages over traditional MPPT techniques like P&O and INC.
First, it is highly effective in environments with multiple local maxima, such as solar PV
systems affected by partial shading[67]. Unlike traditional algorithms, which may
become trapped in local maxima, PSO employs a global search strategy that allows it to
explore the entire search space and converge towards the global MPP. Additionally, PSO
exhibits fast convergence rates, making it well-suited for large-scale and complex PV

systems where tracking speed and accuracy are crucial.

2.4.2 \Weaknesses:

The main drawback of PSO is its increased computational complexity[68]. The
algorithm requires sophisticated hardware and higher processing power to manage the
population of particles and perform the necessary calculations. As a result, PSO may not
be suitable for small-scale or low-cost PV systems where simplicity and cost-
effectiveness are prioritized[69]. Moreover, the effectiveness of PSO depends on the
proper tuning of parameters, such as particle velocity and position updates, which can

complicate the implementation process.

2.5 Genetic Algorithm (GA)

Genetic Algorithm (GA) is another metaheuristic technique that has been applied to
MPPT in PV systems[70]. GA is based on the principles of natural selection and
evolution, where a population of candidate solutions (individuals) evolves over time
through processes such as selection, crossover, and mutation[71]. In MPPT applications,
GA begins by generating an initial population of potential solutions. Each solution is

evaluated based on a fitness function, which in this case would be the power output of the
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PV system[72]. The best-performing solutions are then selected to create a new
generation, which undergoes crossover and mutation to explore new regions of the search
space[73]. Over successive generations, the algorithm converges towards the global
MPP. GA, like PSO, is particularly effective in complex environments with multiple
local maxima, as it can explore the entire search space to find the optimal solution.

To analyze the performance of the GA-based MPPT algorithm, it adjusts the
algorithm parameters (population Size, and mutation Rate) and observes the best solution
and fitness value obtained after the iterations. The initial parent population, denoted as
array A, is initialized to start the optimization process. It consists of individual parent
solutions represented by Xi = [parent 1, parent 2, . . ., parent n], where n represents the
population size. Each parent solution, parent i where (i =1, 2, . . ., n), corresponds to the
initial voltage values at the beginning of the algorithm. The objective function, f(Xi), is
used to calculate the output power of the PV system. The fitness values for each position
in the population are evaluated based on this objective function[74]. These fitness values
are essential for evolving the population and improving the overall fitness of the
individuals over successive generations. The GA-MPPT conditions for the PV voltage
and power are given as:

Vik + 1) = V(k)| < dV (2.17)

IP(k + 1) — P(k)| < dP (2.18)

2.5.1 Strengths:

Like PSO, GA is highly effective in environments with multiple local maxima,

making it suitable for PV systems affected by partial shading. GA’s global search
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strategy allows it to explore a wide range of operating points, reducing the likelihood of
becoming trapped in local maxima[75]. Additionally, GA is flexible and can be adapted
to different system configurations and optimization criteria, making it a versatile solution

for complex PV applications.

2.5.2 Weaknesses:

The primary disadvantage of GA is its computational complexity and the need for
real-time processing capability[76]. Like PSO, GA requires sophisticated hardware to
manage the population of solutions and perform genetic operations, which may limit its
applicability in smaller, low-cost PV systems. Furthermore, the convergence speed of GA
can be slower than that of PSO, particularly in large search spaces, which may impact the

overall tracking performance under rapidly changing conditions.
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CHAPTER THREE

OVERVIEW OF SWITCHED CAPACITOR CONVERTER TOPOLOGIES

Switched capacitor converters have gained popularity in the field of renewable
energy, particularly in solar photovoltaic (PV) systems, due to their ability to achieve
high voltage gains without inductors. In this chapter, various switched capacitor
topologies are discussed, each offering unique benefits and applications in power

electronics.

3.1 DC — DC Converter

The use of DC-DC converters is indispensable in a wide variety of applications,
including residential, commercial, and industrial ones. A crucial function of these devices
is to convert voltage, allowing seamless integration of devices operating at different
voltage levels [77]. Through the efficient stepping up or stepping down of voltages, DC-
DC converters contribute to the improvement of power supply efficiency and the
reduction of energy losses during transmission and distribution. As essential components
of renewable energy systems, they facilitate the storage and conversion of energy from
solar and wind sources[29]. During the operation of electric vehicles, DC-DC converters
contribute to the efficient transfer of energy from the battery pack to various components,
thereby improving the overall performance[78]. During industrial applications, they help
ensure power supply stability, support automation and data centers, and contribute to
power quality and reliability. Further, DC-DC converters make it possible for electronic

devices to be made smaller and more portable while maintaining reliable power
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supplies[79]. Modern electrical systems require versatility and efficiency to operate
effectively, which makes them indispensable for the advancement of technology and

efficient utilization of energy.

3.2 Switched Capacitor Converter

The switched capacitor converter (SC) is a particular type of direct current to direct
current (DC-DC) converter that is based on combining capacitors and switches to
conserve charge[80]. This device operates fundamentally in a cyclical manner, and it
draws its power from the input voltage to charge the capacitor and then discharges that
capacitor to the output under the influence of an output voltage. The first stage of the
cycle is the conversion from one direct current level to another, which allows for a
seamless power transfer between the source and destination of the power [81],[8]. In the
context of inductive converters, SC converters are distinguished from inductive

converters because they do not require inductors to operate[82].

3.3 Switched-Capacitor Topologies

An analysis of the topology of switched-capacitor converters provides a deeper
insight into the complex construction and how these devices are constructed. Normally, it
refers to the specific configuration of a SC converter that consists of capacitors, switches,
and their connections, which can be adjusted and modified according to the output
requirements and efficiency requirements of the converter. In the industry, the most
prevalent topologies that are commonly used are the series, parallel, ladder and Fibonacci

configurations that are used most [83].
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3.3.1 Fibonacci Topology

The Fibonacci topology utilizes a combination of switches and capacitors that are
unique in the fields of power electronics and makes it a unique solution[83],[84], [85].
Although they are characterized by an extremely unique design, they can be used to
convert voltages between step-up and step-down, making them adaptable to various
power supply requirements. In addition to their precision voltage levels, they help meet a
wide range of power supply requirements with their flexible design and operation,
resulting in flexible and effective solutions.

The Fibonacci SC converter arranges capacitors in a Fibonacci sequence (1, 1, 2, 3, 5,
8, etc.) to progressively step-up voltage levels. This topology provides a more gradual
and efficient voltage boost compared to traditional converters. [8]demonstrated that when
integrated with advanced MPPT algorithms, the Fibonacci SC converter offers improved
performance in voltage regulation, making it ideal for solar PV systems.

The k-Fibonacci designs, on the other hand, presents some limitations despite its
advantages, even though it uses switched capacitor technology. The design and operation
of the k-Fibonacci SC DC-DC converter may pose challenges in terms of manufacturing,
maintenance, and error detection since the converter is inherently complex. Additionally,
the practical applicability of this technology could be constrained by specific application
requirements and the need for rigorous real-world testing and validation to mitigate the

risk of additional costs and time expenditures[86].
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3.3.2 Doubler Topology

The doubler topology is designed to double the input voltage by charging capacitors
in parallel and discharging them in series. This topology is efficient in low-power
applications and offers relatively simple control, but its voltage gain is limited, making it
less suitable for large-scale solar PV systems.

This circuit is powered by a source of AC alternation and operates in two stages,
depending on how the power is applied to it. The first one creates a voltage peak in the
capacitor that matches the peak value of the source voltage. Second, the previously
charged capacitor is connected in series with the load by placing a load in parallel with
the source of power, which then supplies power to the load. The series of voltages that
are generated by this combination are ideally the same as twice the voltage that is input

into the system[87], [88].

3.3.3 Series-Parallel Topology

There is a flexibility of this converter that comes from the fact that every cell can be
arranged in series or parallel, and the output voltage can be modified at any time, hence
allowing the converter to be used in different applications. During the energy transfer
from the input to the output the capacitors are connected in parallel with the source,
resulting in energy transfer from the input to the output.

Once the capacitors have successfully been arranged in series, in a short amount of
time the load will be supplied by the capacitors. It is important to point out that this
arrangement for this converter has some remarkable advantages over the Cockcroft

Walton Voltage Multiplier, there are some noticeable advantages to this arrangement,
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particularly in terms of the high output impedance, because it does not have the same
problems as the Cockcroft Walton Voltage Multiplier. Despite this, there are a few
drawbacks to this method, such as the fact that many capacitors are being charged at the
same time, which could require a large amount of current from the source over a short
period of time. Additionally, if many capacitors are being charged at the same time, the
voltage ripple at the output may also be high, thereby affecting the efficiency of the
converter directly. There is still the possibility that parasitic capacitances may cause
problems with your circuits when you increase the voltage, depending on how long the
connection tracks are on the printed circuit boards (PCBs) and how the elements are
arranged, as well as how many capacitors there are. In the event of high voltage gains,

parasitic capacitances significantly reduce the efficiency of the circuit[89].

3.3.4 Ladder Topology

This ladder cell configuration can be arranged in a boost and buck configuration to
achieve the desired output voltage[90]. This type of converter can be built with one or
more cells depending on how high the conversion ratio should be according to the
topology of the converter. Ladder topology converter traditionally works in a voltage
step-up mode, in which the source is connected in series with n capacitors that are
charged with a voltage called Vi[91]. Flying capacitors can be connected to a source of
electricity at a given time in parallel with the source of electricity that is to be charged.
However, after that, it will be connected in parallel with another capacitor so that it can
also be charged by Vi later. This is done to obtain a voltage Vo because of connecting the

voltage source in series with the n charged capacitors and following Equation 23.
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Vo= Vi+nV; (3.1)

This converter operates in a similar manner to a capacitive voltage divider if used as a
step-down topology, in which the load is connected in parallel with one of the capacitors
and the converter has been constructed as a series of n capacitors in series. A capacitor
that is connected in parallel to the source is also included in this circuit, as well as one or
more flying capacitors that may be associated in parallel with the elements making up the
capacitive divider at any given time. Because of this arrangement, the output voltage of
the converter will vary depending on the number of capacitors that are used in the
converter, as defined by Equation 25.

Vi

Vo = (3.2)

ncap

The number ncap indicates the number of series capacitors included in the converter.
A topology of this type can also be used in AC-AC conversion, with good regulation as
well as a high-power factor, making it a viable alternative to ferromagnetic core

transformers for AC-AC conversion[42].

3.3.5 Dickson Charge Pump

According to Dickson, a charge pump will only operate in a steady state when its
output voltage is limited to a constant value when its output voltage is constant. At steady
state conditions, the charge transferred from one capacitor to the next equals the charge
transmitted from the input to the output. The charge pump will remain in a steady state
while running even during the boost process if the rise time of the output voltage is

sufficiently long compared with the clock cycle time of the clocks driving the charge
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pump, which is to say the output voltage rises slowly. It is necessary to consider the load
capacitance of the charge pump itself in order to take the total charge consumed by the

charge pump into account[92].

3.4 Conventional Boost Converter

A boost converter is a type of DC-DC converter which serves as a step-up converter
in that it can convert input voltages into higher output voltages when used effectively.
DC-DC converter operates on two key phases as part of its operation mechanism. The
ON phase and the OFF phase can be considered as the key phases of how the converter
operates. In the "ON" phase of the circuit, energy is stored in the inductor while the
transistor is turned on, while in the "OFF" phase, the energy is redirected to the load after
the stored energy in the inductor is released. With the aim of maintaining control over the
output voltage, the duty cycle is responsible for regulating the ratio of times that the
output voltage will be on and off. There has been extensive application of Boost
Converters owing to these characteristics that include electric vehicles, renewable energy
systems, and correction of power factors in electric drives. A capacitor is used to store
energy in an inductor, which is then delivered to the load through an inductor, to deliver
it to the load[93], [94], [95], [96].

Several recent advancements and trends in boosting converter technology have been
geared towards improving the efficiency of the devices, downsizing the devices, and
addressing electromagnetic interference (EMI) issues that may arise. In terms of
advancements, these can be categorized broadly as the introduction of advanced control

strategies and the incorporation of GaN (Gallium Nitride) devices into the design of the
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boost converter, which contribute to the significant improvement of efficiency and the

reduction in size [97].

3.5 Fibonacci Sequence Design and Modeling

3.5.1: Convectional Fibonacci Switched capacitor

The Fibonacci sequence-based SC converter offers a novel approach to voltage
boosting by arranging capacitors in a Fibonacci series. This design increases voltage
gains incrementally, resulting in better efficiency and stability. Authors in [8] developed
a detailed MATLAB/Simulink model of this converter, demonstrating its superior
performance in handling dynamic load changes and providing stable voltage output in
solar PV applications.

Fibonacci Sequence Switched Capacitor converter (FSSC). Figure 3.1 displays the
schematic diagram of a Fibonacci sequence SC converter. It entails 10 switches
(transistor, 3 capacitors, and output capacitors). Switches are used to turn ON and turn
OFF the converter that functions in several switching states with suitable gains[42].

The converter was operated by using the rule of Table 1. The odd number switches
are operational in stage 1, and the even number switches are operational in stage 2. In this
converter the voltage gain is increased gradually in each stage based on Fibonacci
sequence number (1, 2, 3, 5, 8, 13, 21, ...), the value of voltage in the capacitor becomes

Vin, 2Vin, 3Vin and 5Vin.
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Figure 3.1 Schematic diagram of 3rd stage Fibonacci sequence SCBC.

Step Switches to Turn ON Switches to Turn OFF
Maode 1 51, 33, 55, 57, 39 52, 54, 56, 58, 510
Maode 2 52, 54, 56, 38, 310 51, 53, S5, 57, 59

Table 3.1 Switching rule of conventional Fibonacci sequence SC converter.

The output voltage is [1]

Vout =Vin+Vin xYk_ E, (3.3)
Where E, is the Fibonacci sequence number F;=1, F,=1,forn>3,F,=F,_;+F,_,

K: the stage’s number.

Figure 3.2 shows the Fibonacci sequence converter stage 1. In this stage the converter
operates 5 transistor switches that charge the C3 up to 3 times the input voltage. Figure

3 shows the Fibonacci sequence converter stage 2. In this stage, the converter operates 5

transistor switches that charge the C3 up to 5 times the input voltage and discharge the

51


https://www.mdpi.com/2411-9660/7/5/114#B1-designs-07-00114
https://www.mdpi.com/2411-9660/7/5/114#fig_body_display_designs-07-00114-f002
https://www.mdpi.com/2411-9660/7/5/114#fig_body_display_designs-07-00114-f003
https://www.mdpi.com/2411-9660/7/5/114#fig_body_display_designs-07-00114-f003

capacitor’s energy into the output. By applying Kirchhoff’s voltage and current laws

(KCL, KVL) in each loop for mode 1 and 2 for Figure 2 and Figure 3, the state is

calculated as follows:

The stage 1 on Figure 3.2

S1
— 1 0

Loop 1

+

O

1
I
I

Loop 3

+

Vout

Loop 1:

Figure 3.2 Mode 1 of Fibonacci SCBC.

Vip = Z1 (11— I2)

Loop 2:

0 =Z1x(2—11)+2Z2%x12+2Z3 xI3

Loop 3:

Vour = 13 X ZL

The impedance Z1, Z2, and Z3 are the series combinations of R and C. The state space

representation for Mode 1 is as follows.
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The stage 2 on Figure 3.3
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Figure 3.3 Mode 2 of Fibonacci SCBC
Loop 1:
Vin = 11 X (Z1+22)—12 xZ3 (3.8)
Loop 2:
Vour =13 X ZL + (Z2+ Z3) X 12 — Z2 x I1 (3.9)

The state space representation for Mode 2 is as follows:

[Vi ]_ prez2 22 0 [11] (3.10)

Vouel —Z2 Z2+ 73 ZL g
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3.5.2: Improved Fibonacci Switched Converter

Figure 3.4 illustrates a schematic diagram for the improved Fibonacci switched
capacitor converter. It contains six Metal Oxide Semiconductor Field Effect (MOSFET)
transistors, three capacitors, four diodes, and output capacitors. MOSFETS are used to
turn on and off the converter that functions in several switching states with appropriate
gains[98]. In stage 1, the MOSFETSs with odd numbers are operational, while in stage 2,
the MOSFETSs with even numbers are operational. In this converter, the voltage gain
increases gradually in each stage based on Fibonacci sequence numbers (1, 2, 3, 5, 8, 13,

21, ...), resulting in Vin, 2Vin, 3Vin, and 5Vin in the capacitor.
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Figure 3.4 Improved Fibonacci Switched Capacitor Converter

The operational phases of circuit configuration above involved specific switches and

diodes that dictate the current flow and energy transfer. The dynamic interaction of
54



capacitors and the application of Kirchhoftf’s laws provide a foundation for analyzing the

system's behavior. This setup ensures efficient energy management and transient

response within the circuit.

In the first operational phase, switches S1, S5, and S9 are in the conducting state,

while switches S2, S6, and S8 remain non-conducting. Diodes D1 through D4 are

forward-biased, facilitating current flow through their respective paths[99]. Capacitors

C1 to C4 interact dynamically, influencing the transient behavior of the circuit through

charging and discharging processes. To analyze the circuit dynamics during this phase,

Kirchhoff’s Current Law (KCL) and Kirchhoff’s Voltage Law (KVL) are applied to

derive the governing equations for node voltages and loop currents. This framework

ensures a systematic evaluation of energy transfer and steady-state transitions within the

system.

Currentin Cy:

__dvcq

Ic; = ”
Current C,:

__avey

Ic, = "
Current C5:

__dvcg

Icy = ”
Current C,:

dvcy

Ic, = "

For input voltage Vin charges C;, C,, Czand partially contributes to

The circuit’s governing equations

(3.11)

(3.12)

(3.13)

(3.14)



Vin=Vcy + Ve,

Vey,=Ves +Vey

(3.15)

(3.16)

On the other hand, In Phase 2 of operation, switches S2, S6, and S8 are conducting,

allowing current to flow through their respective paths, while switches S1, S5, and S9 are

non-conducting, isolating their circuits. Diodes D1, D2, D3, and D4 are reverse biased,

preventing current flow in the reverse direction. During this phase, capacitors C1

discharge their stored energy into capacitors C2 and C3, transferring charge and ensuring

the energy conversion process continues. The equations governing Phase 2 are derived

using Kirchhoff’s Current Law (KCL) and Kirchhoff’s Voltage Law (KVL), which are

applied to describe the dynamic behavior of the system during this phase. Here are the

equations that govern the second phase.

Vey=Vey+ Veg

Ves=Vey

The average equations combined both phases using the duty cycle D

Voltage across C;:

dvc
_1=Dx(
dt

Voltage across C,:

dVc
—2=D x (
dt

Voltage across Cs:

dt

Voltage across C,:

Vin— Vcl) + (1 B D) % (— Vcl+ch)

Req,q

Req,

Vcl—ch) + (1 B D) % (— Vc2+Vc3)

Reqs

Reqa

dves =D x (Vc;—Vc3) + (1 _ D) % (— V03+Vc4)

eqs

Reqg
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e _ (Vcs—Vc4) (3.22)

ac Reqy

Figure 3.5 illustrates the pulse waveforms for M1 and M2, which govern the
switching of the MOSFETS during the two-phase operation of the Fibonacci switched-
capacitor converter. The top waveform, M1, drives the MOSFETSs responsible for Phase
1, while the bottom waveform, M2, controls the MOSFETSs for Phase 2. These pulses are
generated by a PID controller and are precisely synchronized to ensure seamless
alternation between the two phases. The pulses maintain a consistent frequency, with
each phase being activated in a complementary manner, which is essential for efficient
charge transfer and voltage regulation within the converter.

The synchronization of these pulses is critical for the converter's performance, as it
ensures that energy is transferred smoothly between phases, minimizing energy losses
and maintaining system stability. The precise timing and complementary nature of the
pulses allow the converter to achieve the desired step-up voltage efficiently. This well-
coordinated operation highlights the importance of the control mechanism in optimizing

the converter's functionality and reliability.
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Pulse 2

Figure 3.5 Pulse Waveforms for Phase 1 and Phase 2 Switching (M1 and M2)

Description Value
Input Voltage 5V
Output Voltage 20V
Switching Frequency 80 KHz
Capacitance Values 22 uF
Resistance Values 30 mQ

Table 3.2: Specification for simulation in MATLAB/Simulink
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The PID controller plays a crucial role in optimizing the performance of the
Fibonacci switched-capacitor converter by dynamically adjusting the width and timing of
the M1 and M2 pulses based on real-time feedback from the output voltage. The
Proportional (P) term fine-tunes the pulse timing to align with the desired voltage,
ensuring quick response to changes. The Integral (I) term corrects accumulated errors
over time, enhancing steady-state accuracy and minimizing long-term deviations. The
Derivative (D) term predicts and mitigates future errors, reducing oscillations and

improving overall system stability.

PID CONTROLLER
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Figure 3.6 PID Controller Configuration

This sophisticated control mechanism ensures that the M1 and M2 pulses are
precisely synchronized, facilitating smooth transitions between Phase 1 and Phase 2.
Such synchronization is vital for efficient energy conversion, as it minimizes energy

losses and maintains consistent voltage regulation. The real-time adjustments made by
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the PID controller enable the converter to adapt to varying load conditions and input
fluctuations, ensuring robust and reliable operation. Figure 3.7 show the pulse control

configuration.

INPUT PULSE CONTROL MECHANISM
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— 1]

Figure 3.7 Pulse control mechanism

3.5.3: Hardware Implementation of Improved FSC

Figure 3.8 depicts the experimental setup designed to validate the performance of the
proposed improved Fibonacci switched-capacitor converter. The setup includes essential
components such as the converter circuit, measurement instruments, and control systems.
This configuration allows for precise testing and analysis of the converter's efficiency,
voltage regulation, and overall functionality under various operating conditions. The
image provides a visual representation of the practical implementation, highlighting the
integration of hardware and control mechanisms used to ensure accurate and reliable

experimental results.
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Figure 3.8 Setup for experimental

The abstract diagram in Figure 3.9 outlines the hardware implementation of the
Fibonacci switched-capacitor converter system. The setup includes a DC power supply
that provides the initial input voltage to the converter. The Fibonacci switched-capacitor
converter, controlled by gate signals M1 and M2, performs the voltage conversion. A
voltage regulator ensures stable output, while a function generator controls the switching
signals. The system supports various load types, including a resistive load and a DC
motor, allowing for comprehensive testing under different conditions. This configuration
demonstrates the integration of key components to achieve efficient voltage conversion

and regulation in practical applications.
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Figure 3.9 System Abstract Diagram for Hardware Implementation

The CD4007 IC is utilized as a gate driver to control the switching operation of the
MOSFETs in the Fibonacci switched-capacitor converter. It generates complementary
gate drive pulses for Phase 1 switches (S1, S5, and S9) and Phase 2 switches (S2, S6, and
S8). These complementary signals are essential for ensuring the synchronized alternation
of phases, which facilitates efficient charge transfer and voltage regulation. A function
generator provides a square wave signal that is processed by the CD4007 to produce the
necessary control signals for the two phases. Specifically, Pin 6 of the CD4007 drives the
gates of S1, S5, and S9, while Pin 8 drives the gates of S2, S6, and S8. This precise
synchronization between the phases is crucial for enabling efficient charge transfer
processes and maintaining the stability of the converter. Figure 3.10 illustrates the circuit
configuration of the CMOS Dual Complementary Pair Plus Inverter, highlighting the

connections and signal flow within the gate control system.
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Figure 3.10 Configuration Circuit CD4007

Figure 3.11 illustrates the experimental hardware setup for the Fibonacci switched-
capacitor converter, showcasing the physical implementation of the system. The setup
includes critical components such as the CD4007 IC, which controls the switching
MOSFETSs, and the output regulation circuit, ensuring stable voltage output. The
prototype was tested using a 5V DC motor and an LED light, both of which operated as
expected, confirming the converter's ability to deliver consistent voltage and efficient
power regulation under varying load conditions.

The CD4007 IC plays a pivotal role in generating complementary gate drive signals
for the MOSFETS, enabling synchronized switching between Phase 1 and Phase 2. This
synchronization is essential for efficient charge transfer and voltage regulation. The
output regulation circuit further enhances the system's stability, ensuring that the voltage

remains consistent even when the load changes. The successful operation of the DC
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motor and LED light demonstrates the converter's robustness and reliability in real-world

applications.

I CD 4007 IC CONFIGURATION CIRCUIT

3.
v

SWITCHED CAPACITOR CONVERTER q A

Figure 3.11 Breadboard Prototype of the FSC Converter Circuit

3.6 Boost Converter Design and Modeling

Boost converters are designed using specific configurations of capacitors, inductors,
and switches. The design of the converter involves trade-offs between size, efficiency,
and response time. MATLAB/Simulink is frequently used to simulate and model the

performance of these converters under different operating conditions.
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Fig. 3.12 displays the conventional boost converter. The output voltage is greater than
the input voltage S1 was used as turn ON and turn OFF to achieve the desired output
voltage. The function of boosting DC-DC converter can be split up into two states, Mode
1 and Mode 2. In mode 1, S1 turns ON, the input current rises linearly and flows through
the inductor L1, S1 and diode D1 is on reverse bias acting as open switch. In mode 2, S2
turns OFF, the stored current in the inductor flows through the C1, resistive load and D1
is on forward bias acting as closed switch. Fig. 3.13 and Fig. 3.14 illustrate the two
modes of circuit’s operation.

The voltage and current relation for inductor L1 in figure 3.12 as follows
diL _ Vin

Vin (3.23)

at L

L1 D1

1\
Vin 1

I

g Vout

Figure 3.12 Boost converter

When the switch S1 turns ON, the configuration was created, as shown in figure 3.13

diL. _ (Vinp—Vout)XTon

" . (3.24)
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Figure 3.13 Boost converter Mode 1

When the switch S2 turns OFF, the configuration was created, as shown in figure 3.14

dil _ Vout—Vour+Vd1)XTof f
a L

(3.25)

L1

Vin C1 Vout

VWA

Figure 3.14 Operation of Boost converter Mode 2
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The waveforms of voltage and current are shown on Figure 6. The selection between
continuous conduction mode (CCM) and discontinuous conduction mode (DCM)
depends upon factors including input voltage, output voltage, load current, and circuit
parameters[100]. The interactions between the inductor’s voltage and current waveforms
and other converter components, such as the diode and output capacitor, play an
important role in achieving both regulated output voltage and efficient energy transfer.
The inductor within a conventional boost converter helps to accumulate and discharge
energy to attain the desired output voltage. The inductor’s current waveform undergoes
phases of linear increase and decrease, while the inductor’s voltage waveform is
contingent upon the input voltage and characteristics of circuit components. The decision
between continuous and discontinuous conduction modes substantially influences the
behavior of inductor current throughout the switching cycle. waveforms of voltage output

and current are shown on Fig. 3.15.
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Figure 3.15 Waveform of output voltage and current
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CHAPTER FOUR

COMPARATIVE PERFORMANCE EVALUATION OF BOOST AND FIBONACCI
SWITCHED CAPACITOR CONVERTERS FOR SOLAR PV INTEGRATION

This chapter presents a detailed comparative evaluation of the conventional boost
converter and Fibonacci switched capacitor converter, focusing on their performance in
solar PV systems. The analysis is conducted through MATLAB/Simulink simulations,
using dynamic MPPT algorithms to assess their efficiency, voltage regulation, and power
handling capabilities.

The simulation figures depict the verification of the proposed switched capacitor
configuration. Figure 4.1 shows the PV characteristics of the SunPower SPR-440NE-
WHT-D, while Figure 8 shows the current vs. voltage and power vs. voltage
characteristics for one module. The number of parallel strings (Np) is seven and series
connected modules per string (Ns) is six for the conventional boost converter (the total
number of PV panels is 42). On the other hand, the number of parallel strings is three and
series connected modules per string is three for the switched capacitor boost converter
(the total number of PV panels is 9). The irradiance and temperature are maintained at a
constant as 100 W/m? and 25 °C, respectively. The complete MATLAB/Simulink for the
conventional boost converter and the proposed switched capacitor (Fibonacci) is shown

in Figure 4.4
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Figure 4.4 Diagrams for SC boost converter and conventional boost converter.

Fig. 4.4 depicts the MATLAB/Simulink block diagram for the two boost
configurations, conventional, and the switched capacitor Fibonacci boost converter. The
system parameters values are tabulated in Table 4.1. This table includes the whole

parameters for the two boost converter configurations and for all MPP technologies.



symbol | Definition | value
PV solar (switched capacitor Boost)
Np parallel strings 3
Ng series connected modules per string | 3
C1,C2,C3,C4,C5 Capacitors 20 uF
C6 Capacitors 100 uF
R1 Input resistance 0.1Q
R Load resistance 130Q
PV solar (conventional Boost)
Np parallel strings 7
Ng series connected modules per string | 6
Cin,Cout Capacitors 1000,100uF
L, Inductance 0.9mH
Ry Load resistance 50Q
PSO parameters (for switched capacitor boost converter)
w Weight 0.79
cl Constant 1.725
c2 Constant 1.725
PSO parameters (for conventional boost converter)
w Weight 0.7
cl Constant 1.025
c2 Constant 1.025

GA parameters (for switched capacitor boost converter)

Population Size

Constant

50

Mutation Rate

Constant

0.01

GA parameters (for conventional boost converter)

Population Size

Constant

100

Mutation Rate

Constant

0.001

Table 4.1 System Parameters.

voltage performance has been addressed in the comparison.
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There are some factors taken into consideration to implement the boost converter with
solar PV source. The desired output voltage is defined with respect to the load
application, and it is maintained at a constant. These values are dependent on the
converter parameters values. However, the input voltage is inconsistent during the
comparison. The output voltage of the two boost configurations is compared regarding

accuracy, stability, and regulation. Though the voltage ripple, the settling time of the

In the other hand, the comparison also addresses the output current handling




capability of the two boost configurations. It is important to consider that the expected
required load current is typically lower than the input current, owing to power
conservation principles in boosting converters. However, it is worth noting that if the
load current is higher than the converter current capability, a voltage drops or damage to
the converter will occur. This poses a challenge in designing a converter that can

adequately meet the load requirements of a microgrid.

4.1 Comparative Analysis: Boost vs. FSC Converters

4.1.1 Efficiency and Voltage Requlation under Varying Irradiance

Both the boost and Fibonacci SC converters exhibit different responses to fluctuating
irradiance conditions. The conventional boost converter, with its inductor-based design,
experiences significant losses due to energy dissipation in the magnetic components. In
contrast, the Fibonacci SC converter shows superior voltage regulation and reduced
energy losses, particularly under rapidly changing irradiance levels. Studies have shown
that SC converters, by eliminating inductors, provide more stable output voltages in

dynamic environments.

4.1.2 Power Loss and Heat Dissipation Analysis

Power loss in converters is a critical factor in solar PV systems, as it directly affects
efficiency. The conventional boost converter suffers from significant power losses due to
inductor and switching losses, which in turn lead to heat dissipation [8]demonstrated that
the Fibonacci SC converter has significantly lower power losses compared to

conventional designs, as it reduces switching losses and avoids inductor-related losses.
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4.1.3 System Stability with Dynamic MPPT Enhancements

System stability is a critical metric in solar PV applications, particularly under
dynamic MPPT conditions. The Fibonacci SC converter exhibits better stability
compared to the boost converter due to its inherent ability to handle large current
variations with minimal voltage fluctuations. The use of advanced MPPT algorithms such
as PSO and GA further enhances the stability of the SC converter, ensuring consistent

power output even under varying environmental conditions.

4.2 Case Study |: Boost Converter with Dynamic MPPT

4.2.1 Design and Simulation Setup for the Boost Converter

The boost converter design is modeled using MATLAB/Simulink, with an emphasis
on simulating real-world solar PV conditions. The inductor size, capacitor values, and
switching frequency are optimized to achieve maximum efficiency. P&O and INC MPPT
algorithms are implemented to evaluate tracking performance under steady-state and

dynamic conditions.

4.2.2 Performance Analysis under SS and Dynamic Conditions

The performance of the boost converter is analyzed under both steady-state and
dynamic conditions. While the converter performs adequately in steady-state conditions,
it struggles under rapid changes in irradiance, resulting in slower response times and
reduced efficiency. The use of P&O for MPPT further exacerbates these inefficiencies

due to its tendency to oscillate around the maximum power point.
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The P&O algorithm is commonly used in small scale industrial applications since it
does not require the system characteristics. However, it fails to obtain optimal power

from renewable energy resources.

4.2.3 MPPT Tracking Speed and Conversion Efficiency

MPPT tracking speed is a critical metric for evaluating the performance of the boost
converter. The results show that while the boost converter achieves reasonable efficiency
in tracking MPP, its conversion efficiency drops significantly in dynamic environments.
The slow tracking speed of the P&O algorithm contributes to this inefficiency,
particularly in rapidly changing irradiance conditions. The output voltage for the
conventional boost converter (Vcon) is settled down at 0.2 second. Figure 4.4 illustrates

the output voltage and output current for both conventional boost converters
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Figure 4.5 Output voltage using P&O MPPT
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77




S

ot
5

| —— T

00 02 03 04 05 06 07 08 09

I
Figure 4.8 Output voltage using PSO MPPT
600

02 03 04 05 06 07 08 09
t/s

Figure 4.9 Output voltage using GA MPPT

78




30 T T

output current (A)

50 | | | 1 1 | | | 1
0 0.1 0.2 0.3 0.4 0.5 1.6 0.7 0.8 0.9 I

/s

Figure 4.11 Output current using P&O MPPT for SC boost converter
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Figure 4.12 Output voltage using INC MPPT for SC boost converter (Vsc)
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Figure 4.14 Output voltage using GA MPPT for SC boost converter (Vsc).

4.3.3 MPPT Tracking Speed and Efficiency with FC

The Fibonacci SC converter demonstrates superior MPPT tracking speed and
efficiency compared to the boost converter. The use of PSO and GA allows for rapid
convergence to the maximum power point, significantly reducing oscillations and energy
losses. Simulation results show that the Fibonacci SC converter outperforms the boost

converter in terms of both voltage regulation and power output under dynamic

conditions.

80



4.4 Case Study Ill: Improved Fibonacci Switched Capacitor Converter

The circuit in figure 3.4 was simulated using MATLAB/SIMULINK under specific
operating conditions: an input voltage of 5V, an output voltage of 20V, a switching
frequency of 80 kHz, and a load resistance of 500Q. To enhance the circuit's performance
and minimize current spikes, parasitic inductance was incorporated into the design.
Figure 4.14 illustrates the input voltage, and the output voltage. The simulation results
demonstrate the effective voltage conversion from 5V to 20V, highlighting the circuit's
ability to achieve the desired output under the given parameters. The enclosure of
parasitic inductance.

plays a crucial role in stabilizing the current flow, thereby improving the overall
efficiency and reliability of the system. This simulation provides valuable insights into
the circuit's behavior and validates the design's effectiveness in achieving the targeted

voltage transformation.

4.4.1: Key performance metrics can be derived from the simulation

e Settling Time: The settling time is the duration it takes for the output voltage to
stabilize within a specified range of its final value. In this simulation, the output
voltage reaches 20V with minimal overshoot and stabilizes quickly, indicating a
well-designed control mechanism. The settling time appears to be relatively
short, suggesting that the circuit responds rapidly to changes and maintains

stability.
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¢ Ripple Voltage: The output voltage waveform shows a slight ripple, which is
typical in switching power supplies. The magnitude of this ripple is crucial as it
affects the quality of the output voltage. A smaller ripple indicates better filtering
and regulation, which is essential for sensitive electronic components.
Transient Response: The transient response of the circuit, observed during the
initial phase of the simulation, shows how quickly the output voltage rises to its
target value. The steep rise in the output voltage waveform suggests an efficient
energy transfer and minimal delay in the circuit's response.
Efficiency: The efficiency of the voltage conversion process can be inferred from
the input and output voltage levels. The circuit effectively steps up the voltage
from 5V to 20V, indicating a high conversion efficiency. The inclusion of parasitic
inductance helps in minimizing current spikes, further enhancing the efficiency by
reducing energy losses.
Stability: The stability of the output voltage is evident from the consistent
waveform after the initial transient phase. The absence of significant fluctuations
or oscillations in the output voltage indicates a stable and reliable operation.
Overall, the simulation results validate the circuit's design and its ability to
achieve the desired voltage transformation with high efficiency and stability. The
detailed analysis of settling time, ripple voltage, transient response, and efficiency
provides a comprehensive understanding of the circuit's performance, ensuring its

suitability for practical applications.
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Figure 4.15 Input and Output voltage for Improvement FSC

4.5 Case 1V: Hardware Implementation of Improved FSC

The implementation of the Fibonacci switched-capacitor converter presented several
challenges, particularly in controlling the MOSFETS within the circuit. Initially, I
considered using a microcontroller, such as an Arduino, to manage the switching process.
However, after a thorough study of PID controller principles and their application in
simulations, | identified a more efficient approach to improve the control mechanism. By
analyzing the behavior of the PID controller, | observed that once the system reaches a

stable state, the controller no longer requires further adjustments. This insight led me to
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adopt the CD4007 IC, which generates complementary pulse signals for Phase 1 and
Phase 2 switching.

The CD4007 IC plays a critical role in ensuring synchronized switching between the
phases, enabling efficient charge transfer and voltage regulation. This approach
eliminated the need for a microcontroller, simplifying the design while maintaining
precise control over the MOSFETS. The success of this implementation is demonstrated
in Figure 4.15

where:

e Channel 1 displays the pulse output from the function generator, which serves as

the input to the CD4007 IC.

e Channel 2 shows the complementary pulses generated by the CD4007 IC, which

control the MOSFETS for Phase 1 and Phase 2.

The waveforms in Figure 4.15 confirm the proper synchronization of the switching
phases, validating the effectiveness of the CD4007 IC in managing the converter's
operation. This solution not only addressed the initial challenges but also enhanced the

overall efficiency and reliability of the Fibonacci switched-capacitor converter.
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Figure 4.16 Pulse Output from FG and CD4007 IC for Phase Switching

The oscilloscope display in Figure 4.16 provides a detailed analysis of the output
voltage of the Fibonacci switched-capacitor converter. The results demonstrate the
system's performance under the configured operating conditions. The output voltage
waveform shows a stable DC voltage with minimal ripple, indicating effective voltage
regulation by the Fibonacci converter. The DC measurement was 18.3V, which confirms

that the converter successfully steps up or regulates the input voltage to the desired level.

The waveforms exhibit minimal noise and distortion, reflecting the stability of the
system. This stability is achieved through the synchronized operation of the MOSFETS,

controlled by the complementary pulse signals generated by the CD4007 IC.
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Figure 4.17 Oscilloscope Display of Output Voltage

4.6 The prices of the components used for FSC

Part name Price
Resistors 3 of 3.3K ohms $438
Capacitor 4 of 20 uF $0.84
Circuit Breadboard $9.95
Patiki 6 x 8inch PCB $21.19
MOSFET: IRF 540 N $11.34
Voltage regulator: ELEGCO $1.80
Total cost $49.92

Table 4.2 The price of the components for design Fibonacci Switched Capacitor Converter
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4.7 Comparative Performance Evaluation

4.7.1 Analysis of Efficiency, VVoltage Requlation, and Power Loss

The comparative analysis reveals that the Fibonacci SC converter outperforms the
conventional boost converter in terms of efficiency, voltage regulation, and power loss.
The Fibonacci topology's ability to handle high voltage gains without inductors results in
lower power losses and improved voltage stability, particularly under dynamic
conditions.

The switched capacitor Boost converter utilizes capacitors (C1, C2, C3, C4, C5, and
C6) to achieve voltage boosting, while the conventional Boost converter uses inductance
(L1) in addition to capacitors (Cin and Cout) for voltage boosting. The switched capacitor
Fibonacci boost converter employs capacitors (C1 to C6) with values of 20 pF and 100
uF, while the conventional boost converter uses capacitors (Cin and Cout) with values of

1000 pF and 100 pF, respectively.

4.7.2 Impact of MPPT on System Dynamics: Boost vs. FC

The MPPT algorithms have a significant impact on the system dynamics of both
converters. While the conventional boost converter struggles with slow response times
and higher oscillations around the MPP, the Fibonacci SC converter, integrated with PSO
and GA, demonstrates faster and more stable tracking, leading to better overall system

performance.
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4.7.3 Practical Implications for Solar PV Integration and CE

The practical implications of these findings are critical for solar PV integration. The
Fibonacci SC converter offers a more cost-efficient solution by reducing the need for
large inductors and improving system reliability. Moreover, the higher efficiency and
better voltage regulation provided by the Fibonacci topology translate into lower energy
costs and more reliable solar PV operation.

The simulation results in Table 4.3 show that the switched capacitor boost converter
plays an important role in enhancing the MPPT performance. Since the switched
capacitor smooths the output voltage and maintains a stable voltage, the conventional
converter smooths the current fluctuations. In addition, the GA-MPPT algorithm based
on switched capacitor boost converter provides better MPP tracking performance
compared with the other MPPT algorithms. The current capability values for each
converter based on GA-MPPT are given in Table 4.4.

The switched capacitor has a significantly greater current than that of the
conventional converter. According to the values of the current capability, the switches are
designed and expected to handle high power applications requirements. Consequently,
the comparison between conventional and switched capacitor Fibonacci boost
configurations for MPPT methods reveals significant advantages for the switched
capacitor configuration. With significantly faster settling times, ranging from less than 1
ms to 0.008 s, and lower output oscillation percentages of 0.02% to 1.02%, the switched
capacitor boost configuration outperforms its conventional counterpart across different

MPPT methods. This suggests that the switched capacitor Fibonacci boost configuration
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offers improved performance, stability, and efficiency for maximizing power output

in PV solar systems compared to the conventional boost configuration.

Boost Configuration Type MPPT Method Settling Time (s) Output Oscillation %

Conventional 0.2 0.5
P&O

Switched capacitor 0.008 0.02

Conventional 0.05 70
INC

Switched capacitor 0.008 25

Conventional 0.02 0.8
PSO

Switched capacitor <l ms 1.02

Conventional 0.04 0.5
GA

Switched capacitor 0.03 0.02

Table 4.3 Simulation results comparison of the output voltage.

The analysis is extended by including additional evaluation data or comparing the
GA-based MPPT algorithm with other MPPT techniques. The simulation results for
current capability comparison based on the GA-MPPT reveal significant differences
between the conventional and switched capacitor Fibonacci boost configurations. The
conditions of the GA-based MPPT technique ensure that it adapts to sudden variations in

load and solar irradiance, allowing it to effectively optimize the MPPT process over time.
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The conventional boost configuration achieves a maximum output current of 10 A;
the switched capacitor Fibonacci boost configuration significantly outperforms it, with a
maximum output current of 70 A. This indicates that the switched capacitor boost
configuration demonstrates a substantially higher current capability, making it more

suitable for applications that require greater power output and current handling capacity.

Boost Configuration Type Maximum Output Current (A)
Conventional 10
Switched capacitor 70

Table 4.4: Current simulation results comparison based on the GA-MPPT.

In conclusion, for the P&O-MPPT method, the conventional boost configuration
exhibits a settling time of 0.2 s with an output oscillation of 0.5%. In contrast, the
switched capacitor boost configuration demonstrates a significantly improved
performance with a settling time of 0.008 s an output oscillation of 0.02%.

When considering the INC-MPPT method, the conventional boost configuration has a
settling time of 0.05 s, with a high output oscillation of 70%. Conversely, the switched
capacitor boost configuration displays a superior performance, with a settling time of
0.008 s and a reduced output oscillation of 25%.

For the PSO-MPPT method, the conventional boost configuration achieves a settling
time of 0.02 s, with an output oscillation of 0.8%. The switched capacitors boost
configuration showcases exceptional speed with a settling time of less than 1 msec and a

slightly increased output oscillation of 1.02%.
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Under the GA-MPPT method, the conventional boost configuration demonstrates a
settling time of 0.04 s with an output oscillation of 0.5%. The switched capacitor boost
configuration offers a comparable settling time of 0.03 s and an even lower output
oscillation of 0.02%.

Moreover, when examining the current capability simulations based on the GA-
MPPT, the conventional boost configuration achieves a maximum output current of 10 A.
In contrast, the switched capacitor boost configuration significantly outperforms it,
delivering a maximum output current of 70 A.

The switched capacitor configuration demonstrates faster settling times, lower output
oscillations, and significantly higher current capability, making it a more promising
option for maximizing power output and achieving efficient MPPT in PV solar systems.

Moreover, GA effectively mitigated the negative effects of P&O, INC, and
metaheuristic PSO. The GA- MPPT algorithm does not experience any transient
oscillations observed in PSO or the steady-state oscillation effects encountered by P&O.
Additionally, the GA demonstrates superior robustness compared to other tracking

algorithms, particularly in handling inferior regions of the MPP.

4.8 Performance Evaluation of implementation of FSC

The hardwater implementation confirms the successful operation of the Fibonacci
switched-capacitor converter. The system achieves stable output voltage regulation with
minimal ripple, and the switching waveform demonstrates precise control of the
MOSFETSs. These results validate the design and implementation of the converter,

highlighting its efficiency and reliability in practical applications.
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CHAPTER FIVE

FUTURE WORK AND CONCLUSION

5.1 Conclusion

In conclusion, this dissertation has demonstrated that the Fibonacci switched
capacitor converter offers significant advantages over the conventional boost converter in
solar PV applications. When combined with advanced MPPT algorithms like PSO and
GA, the Fibonacci SC converter achieves higher efficiency, better voltage regulation, and
faster MPPT tracking speeds, making it a highly effective solution for modern solar PV
systems. The simulation results improvement FSC validate the circuit's design and its
ability to achieve the desired voltage transformation with high efficiency and stability.
Furthermore, hardware implementation of the Fibonacci SC converter could provide
validation of the simulation results and explore the real-world performance of this novel
topology. The system achieves stable output voltage regulation with minimal ripple, and
the switching waveform demonstrates precise control of the MOSFETSs. The findings
highlight the potential of SC topologies to drive future innovations in solar energy

conversion.

5.2 Future Work

Future research should investigate the integration of additional metaheuristic
algorithms, such as Artificial Neural Networks (ANNS), with switched-capacitor
topologies to further enhance Maximum Power Point Tracking (MPPT) performance.

Additionally, there is potential to optimize circuit designs by reconfiguring the
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conventional boost converter, replacing the inductor with the Fibonacci switched-
capacitor topology. This approach could improve overall efficiency and system
performance. Further exploration could also involve implementing alternative control
methodologies to refine the operation of the converter, enabling better adaptation to

dynamic conditions and enhancing its reliability across various applications.
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