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Abstract

This dissertation aims to conduct a theoretical study and corresponding validation of the

feasibility of using integrated photovoltaic systems for charging electric vehicles, specifi-

cally focusing on an electric bus as the model of study. The work begins with a theoretical

analysis of photovoltaic systems, selecting the most suitable solar cells for application in

an electric vehicle, considering performance, technical, and physical characteristics. This

study includes the development of a mathematical model of the photovoltaic cells and

their numerical simulation.

Next, the design of an energy conversion system is addressed, using DC-DC converters.

Different types of converters and their combinations are studied to maximize charging

efficiency. The most appropriate topologies and control methods for the converters are

discussed, aiming to optimize system performance.

Finally, the proposed models are validated through simulations in Matlab/Simulink

software, using lithium-ion batteries as the storage system. The dissertation seeks to

demonstrate how the integration of photovoltaic solar energy can serve as a complemen-

tary and eco-friendly solution for charging electric buses, contributing to sustainability in

transportation.

Keywords: Photovoltaic Energy, Electric Buses, DC-DC Converters, MPPT
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Resumo

Esta dissertação tem como objetivo realizar um estudo teórico e a correspondente com-

provação da viabilidade de utilização de sistemas fotovoltaicos integrados para o carrega-

mento de veículos elétricos, focando-se especificamente em um autocarro elétrico como

modelo de estudo. O trabalho começa com a análise teórica de sistemas fotovoltaicos,

selecionando as células solares mais adequadas para aplicação em um veículo elétrico,

considerando rendimento, características técnicas e físicas. Este estudo inclui o desen-

volvimento de um modelo matemático das células fotovoltaicas e sua simulação numérica.

Em seguida, aborda-se o projeto de um sistema de conversão de energia, utilizando

conversores DC-DC. Diferentes tipos de conversores e suas combinações são estudados

para maximizar a eficiência do carregamento. As topologias e métodos de controle mais

apropriados para os conversores são discutidos, visando otimizar o desempenho do sistema.

Por fim, os modelos propostos são validados por meio de simulações no software Mat-

lab/Simulink, utilizando baterias de íons de lítio como sistema de armazenamento. A

dissertação busca demonstrar como a integração de energia solar fotovoltaica pode servir

como uma solução complementar e ecológica para o carregamento de ônibus elétricos, con-

tribuindo para a sustentabilidade no transporte.

Palavras-chave: Energia Fotovoltaica, Autocarros elétricos, Conversores DC-

DC, MPPT
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Chapter 1

Introduction

1.1 Motivation

The global shift towards sustainable transportation solutions has led to increased interest

in Electric Vehicles (EV), particularly as a means to reduce greenhouse gas emissions

and dependence on fossil fuels. Among various EV applications, electric buses play a

significant role in reducing the environmental impact of public transportation systems.

However, one of the main challenges associated with electric buses is the need for efficient

and reliable charging systems to ensure operational continuity and minimize downtime.

Photovoltaic (PV) solar energy offers a promising solution to address this challenge by

providing a renewable and clean energy source for charging electric buses. Integrating PV

systems into EV charging infrastructure can not only reduce operational costs but also

contribute to energy independence and environmental sustainability. This thesis focuses

on studying the feasibility and optimization of using integrated photovoltaic systems for

charging electric buses.

The research begins with an in-depth analysis of photovoltaic technologies, selecting

the most suitable solar cells for use in electric vehicles based on their efficiency, technical

specifications, and physical characteristics. Additionally, it explores the design of energy

1



2 CHAPTER 1. INTRODUCTION

conversion systems, employing DC-DC converters to maximize the efficiency of the charg-

ing process. By analyzing various converter topologies and control strategies, this study

aims to develop an efficient system for charging electric buses using solar energy.

Through the use of simulations, particularly in Matlab/Simulink, this work validates

the proposed models, using lithium-ion batteries as the primary storage system. Ulti-

mately, this research seeks to demonstrate the potential of photovoltaic solar energy as a

complementary solution for electric bus charging, contributing to a more sustainable and

eco-friendly public transportation network.

1.2 Objectives

The primary goal of this thesis is to explore the integration of photovoltaic solar energy

as a complementary charging solution for electric buses. To achieve this, the research

will focus on several key objectives. First, it aims to analyze various photovoltaic tech-

nologies to identify the most suitable solar cells for application in electric buses, taking

into consideration factors such as efficiency, technical specifications, and physical char-

acteristics. Additionally, the research seeks to design an energy conversion system using

DC-DC converters, with a focus on optimizing the charging process through the selection

of appropriate topologies and control strategies. Finally, the study will validate the pro-

posed models through simulations in Matlab/Simulink, using lithium-ion batteries as the

energy storage system. Ultimately, the thesis aims to demonstrate the feasibility of using

photovoltaic energy to enhance the sustainability and operational efficiency of electric

buses.

1.3 Structure of the Document

The thesis is organized into several chapters, each addressing different aspects of the re-

search. The first chapter introduces the topic, outlining the motivation behind the study
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and presenting the research objectives. Following this, the second chapter provides a theo-

retical overview of photovoltaic systems, with a detailed analysis of solar cell selection for

electric vehicle applications. The third chapter focuses on the design of the energy conver-

sion system, specifically the use of DC-DC converters and associated control strategies to

improve charging efficiency. The fourth chapter presents the simulation models developed

using Matlab/Simulink, validating the performance of the integrated photovoltaic charg-

ing system, with lithium-ion batteries as the storage medium. In the fifth chapter, the

results of the simulations are discussed, evaluating the system’s effectiveness in charging

electric buses. The final chapter concludes the thesis, summarizing the main findings,

discussing potential limitations, and offering recommendations for future research.





Chapter 2

State of Art

In this chapter, a brief overview of the key technologies relevant to the subject of this

dissertation will be presented, consolidating their theoretical components. The technolo-

gies covered include solar energy, electric buses, electric vehicle chargers, and DC-DC

converters.

2.1 Solar Energy

2.1.1 History

Solar energy, as one of the most promising sources of renewable energy, has garnered

significant interest due to its abundance and sustainability. As a virtually inexhaustible

natural resource, its exploration has led to substantial technological advancements in

harnessing solar radiation for electricity generation through the photovoltaic effect. This

phenomenon was initially discovered in 1839 by Edmond Becquerel, who observed that

metal plates immersed in an electrolyte produced a small potential difference when ex-

posed to light. However, it was not until 1883 that Charles Fritts created the first practical

photovoltaic cell using selenium semiconductor coated with gold, although it had very low

efficiency, below 1% [1][2].

5
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Since then, the development of photovoltaic technology has been exponential, espe-

cially in recent decades. Advances in semiconductor materials, particularly silicon, have

enabled the production of photovoltaic cells with much higher efficiencies, reaching over

22% in some commercial panels. The search for alternative materials and the development

of technologies such as perovskite cells are expected to further enhance this efficiency in

the future [3]. Additionally, the cost of producing photovoltaic modules has decreased sig-

nificantly, making solar energy a competitive alternative to conventional energy sources

such as coal and natural gas [4].

However, one of the major limitations of solar energy is its temporal intermittency

and spatial variability. Solar power generation depends on local weather conditions, such

as cloud cover, atmospheric gas concentrations, and synoptic systems, as well as astro-

nomical factors like the Earth’s rotation and orbit. Therefore, the potential for solar

power generation is not constant throughout the day or year, which can pose challenges

for the reliability of the electrical system. Detailed and accurate information about the

variability and temporal behavior of solar resources is crucial for the technical viability of

solar projects and for ensuring the stability and security of electrical grids that integrate

this energy source [5][6].

Brazil, for instance, has emerged as one of the countries with the highest solar energy

potential due to its favorable geographic location and high solar incidence throughout

the year. According to the Brazilian Atlas of Solar Energy, developed by the National

Institute for Space Research (INPE), almost the entire Brazilian territory receives solar

radiation exceeding 4.5 kWh/m² per day, which is very competitive for the installation

of photovoltaic systems [7]. Assessing solar resource potential involves understanding the

spatial distribution of solar radiation, its temporal variability, and the associated uncer-

tainties. This knowledge is essential for developing application scenarios and preliminary

feasibility studies to maximize solar energy utilization and contribute to the sustainable

development of the energy sector [8].

In addition to climatic and astronomical factors, the performance of photovoltaic

systems is also subject to uncertainties related to shading losses, temperature, dirt, and
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Figure 2.1: Daily Total of Horizontal Global Irradiance - Brasil
Source: [5]

module degradation over time. These uncertainties highlight the importance of conducting

detailed feasibility studies and computational simulations that account for these factors

to estimate the annual energy production of a photovoltaic system [9]. Technologies such

as remote monitoring and string optimization systems are increasingly being implemented

to mitigate these losses and improve the overall efficiency of solar systems [10].

Thus, the development of solar projects requires a careful analysis of available re-

sources, solar potential variability, and the integration of innovative technologies to maxi-

mize the utilization of this clean and renewable energy source. Transitioning to an energy

system based on renewable sources, such as solar energy, is a crucial step in reducing

greenhouse gas emissions and mitigating climate change.
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2.1.2 Global and Local Solar Landscape - Paraná

The state of Paraná, Brazil, has significant potential for solar energy generation, with

an annual average of global horizontal irradiation of 1,705 kWh/m².yr. Within the state,

irradiation extremes range from 1,365 kWh/m².yr in the municipality of Guaratuba to

1,938 kWh/m².yr in Itaguajé and Santa Inês. The state’s mesoregions also show impor-

tant differences, with the highest annual average found in the Northwest mesoregion at

1,802 kWh/m².yr, while the lowest is in the Curitiba Metropolitan mesoregion at 1,492

kWh/m².yr [11].

Figure 2.2: Brazilian Photovoltaic Map and Photovoltaic Map of the State of Paraná -
Total Annual (Inclined Plane - HTOT)

Source: Adapted from [12]

Seasonally, Paraná experiences higher irradiation levels during the summer, with a

daily average of 5.88 kWh/m².day, and lower levels in winter, averaging 3.47 kWh/m².day.

These variations have a direct impact on photovoltaic productivity, especially in regions

like the Northwest, where consistently high irradiation makes it ideal for large-scale solar

energy projects.

When comparing Paraná’s solar potential to European countries, where solar photo-

voltaic energy is widely adopted, the state demonstrates a notable advantage. With an

average annual irradiation of 1,789 kWh/m².year and an estimated productivity of 1,342
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kWh/kWp.year (considering a performance rate of 75%), Paraná surpasses most Euro-

pean nations. Table A.1 located in Appendix A highlights this comparison, showing that

only six European countries, including Cyprus (1,663 kWh/kWp.year) and Malta (1,617

kWh/kWp.year), achieve higher productivity than Paraná.

Portugal serves as an important benchmark due to its climatic similarities and well-

established solar energy policies. Although Portugal’s productivity of 1,497 kWh/kWp.year

is 10.38% higher than Paraná’s, the state’s superior irradiation highlights its significant

untapped potential. By adopting strategic investments and supportive policies similar to

those implemented in Portugal, Paraná could position itself as a leading player in solar

energy production.

Conversely, countries like Germany, recognized globally for its solar energy leadership,

demonstrate much lower irradiation and productivity. Germany’s productivity, at 938

kWh/kWp.year, is 43% lower than Paraná’s. This stark contrast emphasizes the potential

for Paraná to excel, even when compared to regions with advanced solar infrastructure.

Overall, Paraná’s solar potential is exceptional, surpassing many global benchmarks

in photovoltaic energy use. With targeted investments and policy support, the state

can capitalize on its favorable irradiation conditions to become a major contributor to

renewable energy production.

2.1.3 Operating Principles of Photovoltaic Systems

Photovoltaic (PV) systems operate based on the photovoltaic effect, a process through

which solar energy is converted directly into electrical energy. When sunlight strikes a

PV cell, which is typically made of semiconductor materials like silicon, photons from

the light knock electrons loose from their atoms. This movement of electrons creates an

electrical current, which can then be captured and used to power electrical devices.

The efficiency of PV systems depends on several factors, including the material used

in the cells, the quality of sunlight, and the angle of incidence of the sunlight on the

panels. Silicon-based solar cells remain the most commonly used, due to their relatively
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high efficiency and durability [13]. When photons hit the semiconductor material, they

excite the electrons in the valence band, causing them to jump to the conduction band

and create electron-hole pairs. These pairs are then separated by an internal electric field,

generating a Direct Current (DC).

PV cells are typically organized into modules and arrays to generate higher amounts

of electricity. The electrical output of a PV system is proportional to the intensity of

sunlight and the area of the panel exposed to sunlight. In large-scale applications, such

as solar farms or integrated rooftop systems, this ability to scale allows PV systems to

meet substantial portions of energy demand. However, the intermittency of solar energy

due to weather conditions and the day-night cycle remains a challenge. This is where the

integration of energy storage systems, such as lithium-ion batteries, becomes essential, as

they store excess energy produced during peak sunlight hours for use when sunlight is

unavailable [14].

2.1.4 Photovoltaic Technologies

Photovoltaic (PV) technologies can be broadly categorized into three generations, each

representing different materials, designs, and levels of efficiency. These generations reflect

the evolution of solar technology, with improvements in efficiency, cost-effectiveness, and

application flexibility.

Currently, there are numerous photovoltaic technologies under development, some of

which hold great promise for revolutionizing the price-to-efficiency ratio. Broadly speak-

ing, the existing technologies can be classified into three categories, known as generations,

as illustrated in figure 2.3.

• First-Generation: Silicon Solar Cells (c-Si) is based on crystalline silicon solar cells,

which remain the most widely used and commercially available. These cells are pre-

dominantly made from either monocrystalline or polycrystalline silicon. Monocrys-

talline cells are known for their higher efficiency, as they are made from a single,
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Figure 2.3: Diagram of the main existing photovoltaic cell technologies

Source: Adapted from [15]

continuous crystal structure, offering efficiencies between 18% and 22%. Polycrys-

talline Cells (p-Si), while less efficient (around 15% to 18%), are cheaper to produce

because they are made from silicon crystals that are melted and poured into molds

before being sliced into wafers [16]. The popularity of silicon-based cells stems from

the abundance of silicon as a material and the maturity of manufacturing processes

that have been optimized over decades. However, the production of these cells in-

volves high energy consumption and cost, primarily due to the need to purify silicon

to a high degree and the energy-intensive processes of cutting and shaping wafers.

• Second-Generation: Thin-Film Solar Cells are made by depositing thin layers of

photovoltaic materials, such as Cadmium Telluride (CdTe), Amorphous Silicon (a-

Si), or Copper Indium Gallium Selenide (CIGS) or Gallium Arsenide (GaAs), onto

a substrate. Thin-film cells are generally less efficient than crystalline silicon cells,

with efficiencies ranging from 10% to 16%. However, their lower cost and flexibility

make them appealing for applications where space and weight are concerns [13].

Thin-film technologies have the advantage of being applied to various surfaces, in-

cluding flexible and curved ones, making them suitable for Building-Integrated Pho-

tovoltaics (BIPV) and portable solar products. Additionally, thin-film cells typi-

cally require less material and energy to manufacture compared to first-generation

technologies, reducing the overall cost per watt of solar energy produced.
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• Third-Generation: Emerging Photovoltaic Technologies focus on improving the lim-

itations of previous generations by exploring new materials and cell architectures.

These include Organic Photovoltaics (OPV), Dye-Sensitized Solar Cells (DSSC),

and multi-junction cells (Hybrid).

Perovskite solar cells, in particular, have garnered significant attention due to their

rapidly increasing efficiencies and the potential for low-cost production. Perovskite

cells are made from materials with a crystal structure similar to the mineral per-

ovskite, which allows for broad light absorption and simpler manufacturing pro-

cesses. However, their long-term stability and scalability remain challenges.

Multi-junction solar cells are another promising third-generation technology, de-

signed to capture a broader spectrum of sunlight by layering multiple semiconductor

materials, each tuned to a different portion of the solar spectrum. This approach

has resulted in the highest efficiencies achieved to date, with some multi-junction

cells exceeding 40% efficiency under concentrated sunlight [17]. However, these cells

are still very expensive and are mainly used in specialized applications like space

technology.

2.1.5 Comparison of Existing Photovoltaic Cells

The comparison of photovoltaic technologies can be categorized into three generations,

each with distinct characteristics in terms of weight, substrate flexibility, material us-

age, manufacturing complexity, and efficiency. These differences highlight the trade-offs

between cost, performance, and applicability across various solar energy solutions. The

table below summarizes these key aspects for each generation of photovoltaic cells.

The table comparing photovoltaic technologies highlights key differences across the

three generations of solar cells. First-generation cells, primarily based on silicon (Si),

are heavy and rigid, utilizing abundant raw materials but with some toxic substances in

their production process. Despite their complex and costly manufacturing, they offer high

efficiency and long lifespan, making them dominant in the current market. However, they
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Table 2.1: Comparison of Photovoltaic Technologies
1st Generation 2nd Generation 3rd Generation

Weight Heavy Light Light
Substrate Rigid Flexible Flexible
Raw Material Abundant Scarce Abundant
Toxic Substances Some Many Mostly Non-toxic
Transparency Opaque Semi-transparent Semi-transparent
Manufacturing Complexity Complex Simple Simple
Manufacturing Cost High Low Prospect Low Prospect
Raw Material Cost High High Low Prospect
Efficiency High High Low
Lifespan Long Long Short
Efficiency Loss due to Heat Significant Insignificant Insignificant

Source: Adapted from [18]

experience significant efficiency loss due to heat, which is a drawback in certain climates.

Second-generation technologies, including thin-film cells like CdTe, a-Si, and CIGS, are

lighter and more flexible, making them suitable for applications requiring portability or

integration into buildings. However, they rely on scarcer raw materials and involve more

toxic substances. These technologies are generally easier and cheaper to manufacture than

first-generation cells, although their efficiency is still high, and their performance is more

stable under heat.

Third-generation technologies, such as organic photovoltaic cells (OPVs), are notable

for their use of abundant and mostly non-toxic materials. These cells are light and flexible

but have low efficiency and short lifespans, which currently limit their market potential.

Despite their lower performance, they show promise due to the simplicity of their manu-

facturing and the prospect of significant cost reductions in the future.

According to the conclusions drawn by Pérez, although there have been substantial

advances in photovoltaic technology, first-generation silicon-based cells will continue to

dominate due to their efficiency, cost, and material abundance. While thin-film technolo-

gies like OPVs show great potential for future development, their current limitations, such

as low efficiency and short lifespan, prevent them from replacing existing technologies.
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Ongoing research aims to mitigate these disadvantages, but OPVs are still primarily in

experimental use, with their commercial viability yet to be proven [18].

2.2 Electric Buses

2.2.1 Evolution of Electric Buses

Public transportation was first established in 1661 with the creation of the ”Pascal public

transport” system. Later, in 1826, ”Omnibuses” were introduced—large vehicles that ran

on fixed routes and could carry up to 15 passengers, using either horse-drawn or rickshaw

power. This innovation was introduced in Philadelphia in 1830.

In the early 19th century, technological advancements in electrochemical batteries, pi-

oneered by Alessandro Volta, demonstrated that energy could be stored through chemical

processes. In 1821, Michael Faraday used Volta’s batteries in experiments to demon-

strate the principles of electric motors and generators. These breakthroughs marked the

beginning of the first phase of electric vehicles and generators.

Subsequent improvements in battery technology and charging systems led to the devel-

opment of regenerative braking, a key innovation that allows an electric motor to function

as a generator to recharge the battery while the vehicle is in motion [19].

In public transportation, trams running on fixed rails were introduced by Siemens

in 1882, along with trolleybuses, which used rubber tires for movement. Both types of

electric buses were powered by overhead electric cables. The ”Electromote”, a public

transportation bus powered by electricity supplied through roof-mounted cables, became

a milestone in electric transport technology [20].

Over time, public buses evolved into more advanced forms, such as battery-electric

buses, plug-in hybrid buses, and fuel cell electric buses [21]. This technological evolution

demonstrates the crucial role electric public transport has played in advancing sustainable

urban mobility over the centuries.
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Figure 2.4: History of the electric buses
Source: [21]

2.2.2 Types of Electric Vehicles

The current state of the global automotive industry is characterized by the production

and commercialization of three primary categories of electric vehicles:

• Hybrid Electric Vehicles (HEVs): These vehicles integrate an electric motor pow-

ered by a battery pack alongside a traditional internal combustion engine. HEVs

can be configured in either a series or parallel system. In the series configuration,

the electric motor can charge the batteries and/or drive the vehicle, while in par-

allel systems, both motors can operate simultaneously. The main benefit of HEVs

compared to conventional gasoline vehicles is the improved fuel efficiency. However,

their higher upfront cost often poses a challenge for potential consumers.

• Plug-in Hybrid Electric Vehicles (PHEVs): PHEVs combine an internal combustion

engine with an electric propulsion system that can be recharged from an external

source. This setup allows for flexibility in operation, ranging from running solely on
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gasoline to using only electric power. While PHEVs offer better energy efficiency

than standard vehicles, they typically fall short of the performance metrics achieved

by fully electric vehicles. Thus, they represent a middle ground between traditional

combustion engines and fully electric options.

• Battery Electric Vehicles (BEVs): The focus of this study, BEVs are entirely electric

and depend solely on external charging. They are propelled by energy stored in

large battery packs and often feature regenerative braking systems to recapture

energy during deceleration. BEVs are recognized for their high energy efficiency

and lower operational costs per kilometer traveled. However, the substantial size

of the battery can reduce available cargo space. Despite the variety of batteries

available, all BEVs share a common drawback: their driving range typically does

not match that of conventional vehicles. This limitation is frequently identified as a

significant barrier to broader adoption, indicating a need for adjustments to current

transportation infrastructure [22].

2.2.3 Urban electric bus technologies

The development of urban electric bus technologies encompasses a diverse array of con-

figurations and choices tailored to meet the specific needs of different environments. As

highlighted by Göhlich et al. (2018) [23] , several critical factors influence the design of

these systems, including energy sources, charging strategies, refueling interfaces, and the

types of onboard energy storage systems employed.

The table presented in their study categorizes these options into distinct functions,

illustrating the multifaceted nature of urban electric bus systems. For instance, energy

sources can vary between grid connections—ranging from low to high voltage—and lo-

cal storage solutions like hydrogen tanks or stationary batteries. Charging and refueling

strategies also present various methodologies, such as opportunity charging, depot charg-

ing, and dynamic in-motion charging, each offering unique advantages and challenges.

Onboard energy sources can include Lithium Nickel Manganese Cobalt (NMC), Lithium
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Figure 2.5: Morphological matrix of available technology options in electric bus systems
Source: [23]

Iron Phosphate (LFP), Lithium Titanate Oxide (LTO), and even capacitors, reflecting the

trade-offs between energy density, cost, and operational requirements. The type of drive

motor—whether permanent magnet synchronous, asynchronous, or switched reluctance—

affects the overall efficiency and performance of the bus, while the drive topology can

dictate vehicle design, such as central motors versus wheel hub motors.

Furthermore, considerations regarding body type, including single-deck, articulated,

and double-deck buses, as well as climate control systems, play a vital role in the practical

application of electric buses in urban settings. These various elements come together to

form an adaptable and efficient transportation solution that can significantly contribute

to sustainable urban mobility.

The technological landscape for urban electric buses offers a wide range of solutions,

each designed to address specific operational requirements and infrastructure conditions.

The choice of energy sources, charging methods, drive systems, and bus configurations
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must be carefully aligned with the needs of the city and its public transport system. As

cities move towards more sustainable transit options, the integration of these technologies

will be key to reducing emissions and operational costs, while also improving the overall

efficiency of public transportation. The future of electric urban buses lies in continu-

ous innovation and adaptation, ensuring they meet the growing demand for cleaner and

smarter urban mobility solutions.

2.2.4 Electric Bus Characteristics for Public Transportation

This section presents a comparative overview of various electric bus models relevant to the

city of Curitiba, focusing on their key specifications and operational features. The selected

manufacturers — Volvo, BYD, Mercedes, and Higer — represent a range of technologies

being implemented or considered for public transportation in Brazil.

Volvo and BYD already operate in Curitiba with the models mentioned in the following

Table 2.2. Higer, though not yet in regular operation, is currently testing its 12-meter

model in several Brazilian cities, including Curitiba. Mercedes, on the other hand, has

entered the electric bus market in Brazil with its model slated for production in São

Bernardo do Campo (SP). While its primary market is expected to be São Paulo, it was

included in this study to provide a broader comparison. The table below highlights the

essential characteristics of each bus, including dimensions, passenger capacity, battery

technology, and electric motor power.

The catalogs for the buses under study are available in appendix B for further reference.

Table 2.2: Comparison of Electric Bus Specifications
Volvo BYD Mercedes Higer

Model VOLVO BZL ELECTRIC D9W eO500 U 2134/59 AZURE PADRON
Length 12 m 12,265 m up to 13,2 m 12,5 m
Weight 19,500 Kg 20,500 Kg 21,200 Kg 21,000 Kg
Passenger Capacity 80 people 80 people 80 people 80 people
Battery Technology Lithium-ion, NCA BYD LifePO4 Lithium-ion, NMC Lithium Iron Phosphate
Electric Motor 200/400 kW 150 kW*2 250 kW 260 kW
Battery Capacity 470 kWh 344 kWh up to 588 kWh 385 kWh
System Voltage 600 V 380 V 665 V 637.56 V

Source: Provided Data
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Volvo, one of the most prominent manufacturers in the electric bus market, has intro-

duced the Volvo BZL Electric model. This bus is 12 meters long and weighs 19,500 kg,

with a passenger capacity of 80 people, matching the capacity of the other models com-

pared. Its battery technology is based on Lithium-ion NCA (Nickel-Cobalt-Aluminum),

which offers high energy density and a total battery capacity of 470 kWh. This ensures

an extended operational range, reducing the need for frequent recharging, which is advan-

tageous in a city like Curitiba, where buses operate for long hours on extensive routes.

BYD, a major Chinese bus manufacturer, offers the D9W model, which has a slightly

longer length of 12.265 meters and weighs 20,500 kg. Its battery capacity of 344 kWh,

supported by BYD’s LifePO4 (Lithium Iron Phosphate) battery technology, is lower com-

pared to the Volvo model but provides sufficient range for urban operations. The electric

motor is divided into two units of 150 kW, giving it a combined power output of 300 kW.

Mercedes provides the eO500 U 2134/59 model, with a length that can extend up to

13.2 meters, making it the longest bus in the comparison. Its battery technology is based

on Lithium-ion NMC (Nickel-Manganese-Cobalt), which is known for balancing energy

density and safety. The battery capacity can reach up to 588 kWh, allowing for longer

operational times, but the passenger capacity remains at 80 people, similar to the BYD

and Higer models.

The Higer Azure Padron model, which has a length of 12.5 meters and a weight of

21,000 kg, also operates in Curitiba. It uses Lithium Iron Phosphate (LFP) battery

technology, with a total capacity of 385 kWh. This model is powered by a 260 kW electric

motor and operates at a system voltage of 637.56 V, similar to the voltage ranges of the

other models.

Overall, while all these models contribute to Curitiba’s electric bus fleet analysis, the

focus of this thesis will be on the Volvo BZL Electric, as it combines robust battery

technology with sufficient passenger capacity and range, making it a key player in the

city’s efforts to enhance sustainable public transportation.



20 CHAPTER 2. STATE OF ART

2.2.5 Conventional Buses vs. Electric Buses

The use of buses as a mode of mass transit has long been one of the most successful public

transportation solutions worldwide. Buses are widely deployed across the globe, boasting

advantages such as ease of implementation, route flexibility, high passenger capacity, low

infrastructure costs, and an abundant labor force. However, recent years have seen the

rise of electric buses as strong competitors to traditional diesel-powered buses, particularly

due to their potential for reducing infrastructure costs and addressing issues like excessive

noise, pollutant emissions, and particulate matter production.

Electric buses, which run solely on the energy stored in their battery banks—usually

located at the rear or on the roof of the vehicle—are increasingly being introduced in ma-

jor cities. Early challenges related to limited range are now being addressed as technology

advances. For instance, data from electric buses operating in São Paulo show a driving

range of up to 200 km, allowing them to be charged once during idle periods or using fast

intermediate charging stations, which may reduce battery size. Among the key advan-

tages of electric buses are the near-silent operation of the motor, zero emissions during

operation, higher torque at low speeds compared to diesel buses, and lower maintenance

and fuel costs than other bus types available on the market [22] [24] .

Moreover, electric motors are notably efficient, with operational efficiencies exceeding

90%, far surpassing the average 30% efficiency of internal combustion engines. This higher

efficiency not only makes electric buses more energy-effective but also extends the lifespan

of their motors, which typically have only one moving part—the rotor. As a result, electric

buses require less frequent and simpler maintenance, providing further cost advantages

over conventional buses [24].



2.3. CHARGING SYSTEMS FOR ELECTRIC BUSES 21

2.3 Charging Systems for Electric Buses

2.3.1 Battery Technologies for Electric Buses

In recent years, lithium-ion batteries have gained significant attention as a key energy

storage technology, particularly in electric vehicles (EVs). Their high energy density,

efficiency, and relatively low self-discharge rate have made them a preferred choice for

modern applications. This section focuses on lithium-ion batteries and explores differ-

ent models, highlighting their advantages, challenges, and specific characteristics. We

will delve into key lithium battery types, including lithium iron phosphate (LiFePO4),

nickel-manganese-cobalt oxide (LiNiMnCoO2), and lithium nickel cobalt aluminum ox-

ide (LiNiCoAlO2), providing a comparative analysis of their features and suitability for

electric vehicle applications.

Lithium Iron Phosphate (LiFePO4)

Discovered by the University of Texas in 1996, lithium iron phosphate (LiFePO4) emerged

as a promising cathode material for lithium-ion batteries. It offers remarkable thermal

stability and safety, especially under conditions of overcharging, as well as a wide oper-

ating temperature range between -30°C and +60°C [25]. Despite its lower energy density

compared to other lithium battery chemistries, LiFePO4 excels in long-term reliability,

capable of over 1,000 charge/discharge cycles while maintaining a stable output voltage

of around 3.4V.

The key to its safety lies in its structural stability. The olivine crystal structure

of LiFePO4 provides robust chemical bonds, allowing the material to withstand high

temperatures without decomposing, making it particularly reliable for electric vehicles.

This stability also contributes to its resistance to thermal runaway, a critical concern in

lithium-ion batteries [26]. Moreover, it presents a lower environmental risk and is more

easily recyclable compared to other battery materials, such as those based on cobalt [27].
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Nickel-Manganese-Cobalt Oxide (LiNiMnCoO2 or NMC)

Another popular type of lithium-ion battery is the nickel-manganese-cobalt oxide battery

(LiNiMnCoO2), commonly referred to as NMC. This battery combines the strengths

of nickel (high energy density), manganese (low resistance), and cobalt (stability) to

optimize overall performance. The typical composition for NMC batteries is 33% nickel,

33% manganese, and 34% cobalt, providing a balance between high energy density and

low self-discharge rates, making them highly suitable for EV applications [25].

One of the most notable advantages of NMC batteries is their versatility. Depending

on the blend of materials, manufacturers can prioritize either power density or energy

density, tailoring the battery for specific applications, such as high-performance electric

vehicles or energy storage systems. However, the presence of cobalt increases both the

environmental impact and cost of production, which poses challenges for large-scale adop-

tion [28]. Despite these issues, NMC batteries remain widely used in EVs due to their

balance of performance, energy density, and lifespan.

Lithium Nickel Cobalt Aluminum Oxide (NCA)

The lithium nickel cobalt aluminum oxide battery (LiNiCoAlO2 or NCA) represents a

more specialized form of lithium-ion technology, primarily used in high-performance ap-

plications such as electric vehicles. NCA batteries offer high specific energy and long

life cycles, making them particularly attractive to automotive manufacturers [25]. The

addition of aluminum enhances the thermal stability of the battery, which is crucial for

preventing overheating and extending its operational life, especially in demanding envi-

ronments [29].

While NCA batteries are known for their high energy and power densities, they also

come with some drawbacks. Similar to NMC batteries, the cobalt content in NCA bat-

teries increases their production costs and environmental footprint. However, their per-

formance characteristics—particularly their ability to deliver high current and long life
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cycles—make them ideal for electric vehicles that demand high energy efficiency and min-

imal maintenance [30].

Comparative Analysis of Lithium Battery Models

Each lithium battery model offers unique advantages and trade-offs:

• LiFePO4: Known for its safety, thermal stability, and longevity, LiFePO4 batteries

are well-suited for applications where safety and cycle life are prioritized over energy

density. They are less likely to experience thermal runaway and are environmentally

friendlier.

• NMC: Offers a good balance of energy density and cost, making it a versatile option

for both EVs and stationary energy storage. However, its reliance on cobalt increases

production costs and environmental concerns.

• NCA: Provides the highest energy density and long life cycles, making it the go-to

choice for high-performance electric vehicles. Its stability and efficiency are key

strengths, though it shares the environmental and cost challenges posed by cobalt.

2.3.2 Types of Electric Vehicle Chargers

Battery chargers come in various forms and functionalities, primarily aimed at efficiently

charging batteries while optimizing charging rates and determining when the charging

process should be completed. As technology has advanced, chargers have evolved to in-

corporate sophisticated monitoring and control systems, which enhance battery longevity

and ensure the safety of both the battery and surrounding individuals [2].

Chargers can connect to the electrical grid through magnetic coupling or physical con-

nections, with the latter being more prevalent in commercial settings due to its simplicity

and cost-effectiveness. Notably, Vehicle-to-Grid (V2G) systems have emerged, allowing

for bidirectional energy flow—enabling batteries to draw power from the grid or supply

it back when needed [31].
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In terms of configuration, chargers are classified as either off-board, which are stan-

dalone units installed at charging locations, or on-board, which are integrated within the

vehicle. Additionally, chargers can be categorized based on their internal construction

into various types:

• Switch Mode Regulators utilize an AC-DC rectifier followed by a DC-DC converter,

where output voltage is managed via Pulse Width Modulation (PWM). These sys-

tems require larger filters for low-frequency operations but can reduce size at higher

frequencies, albeit with increased noise.

• Parallel Chargers involve a semiconductor-controlled converter that is placed in par-

allel with the power source and the load. Although this configuration is economical

and straightforward, it is less common in traction applications.

• Series Chargers, or linear chargers, regulate charging current through linear com-

ponents, which can lead to inefficiencies.

• Pulsed Chargers, or Silicon Controlled Rectifier (SCR) chargers, use switchable

semiconductors to provide high initial currents and then taper off to maintain a

lower voltage during the final charging phase.

• Bridge Chargers employ diode or controlled semiconductor bridges linked to an

Alternating Current (AC) supply.

• Inductive Charging systems utilize transformers for galvanic isolation between the

grid and the battery, often in conjunction with other charger types.

• Ferrous Resonant Chargers feature a transformer designed to lower grid voltage and

control charging current, aided by a capacitor linked to the transformer terminals

and complemented by a rectifier for AC to DC conversion.

These configurations allow chargers to be classified as either isolated or non-isolated,

depending on whether they are directly connected to the grid or involve a transformer for
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connection. The majority of chargers in electric vehicles tend to be series, switch mode,

or bridge types, highlighting the importance of efficient energy transfer methods [2].

2.3.3 Charging Modes and Strategies

When it comes to charging electric vehicles, various modes have been established to

standardize the connection between chargers and vehicles, guided by the International

Electrotechnical Commission (IEC) standards. The IEC 62196 outlines four primary

charging modes, each designed to meet different charging requirements and scenarios:

• Mode 1: This mode facilitates slow charging through a standard domestic outlet

equipped with grounding. It limits the current to 16 A at 250 V for single-phase

connections or up to 480 V for three-phase systems. This option is typically used

for overnight charging when quick replenishment is not essential.

• Mode 2: Similar to Mode 1, this mode also uses a conventional outlet but incor-

porates protective equipment for the EV. This safety equipment must be grounded

and positioned within a maximum distance of thirty centimeters from the outlet.

Current is capped at 32 A for 250 V (single-phase) or 480 V (three-phase), ensuring

safe operation during the charging process.

• Mode 3: This mode allows for either slow or rapid charging through dedicated

EV chargers. It employs connectors defined by the IEC 61851-1 standard at each

end of the cable or utilizes the SAE J1772 connection. Current limits are set to

32 A for slow charging and up to 250 A for rapid charging. This setup enables

communication between the vehicle and charger, facilitating interaction with smart

grid technologies.

• Mode 4: This mode is designed for fast charging using DC. It supports a maximum

current of 400 A, utilizing connectors known as CHAdeMO, which are compatible

with specific EV models. Mode 4 connections are generally limited to 500 V DC and

125 A, offering the unique capability to read the vehicle’s Controller Area Network
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(CAN) bus, allowing the charger to ascertain the battery’s state of charge and

optimize the charging process accordingly.

These standardized modes of charging not only enhance the compatibility of charging

infrastructure with various electric vehicle models but also promote the safe and efficient

use of electric energy during the charging process [2].

2.4 DC-DC Converters

2.4.1 Overview of DC-DC Converter Types

DC-DC converters are essential components in the conversion and control of direct current

electrical energy, adjusting parameters such as voltage, current, and frequency. They use

semiconductors like IGBT and MOSFET to operate cyclically through PWM signals, and

they also incorporate passive elements such as inductors, diodes, and capacitors to ensure

efficient energy conversion [32] [33].

One of the key characteristics of these converters is the duty cycle, which determines

the fraction of the switching cycle during which the semiconductor is in conduction,

thereby controlling the output voltage. This parameter is crucial for converter operation

and is calculated by the ratio between the time the device is conducting and the total

switching period [33] [34].

DC-DC converters are typically classified as isolated or non-isolated, depending on

the presence of a transformer for galvanic isolation. While non-isolated converters are

simpler, isolated converters use high-frequency transformers and require the integration

of additional converters to ensure proper transformer operation [33] [34].

Additionally, converters can operate in continuous or discontinuous conduction modes.

In continuous mode, part of the energy stored in the inductor is transferred to the load,

while in discontinuous mode, all energy is released, causing the current to temporarily

drop to zero [35] [36]. The choice of operating mode directly impacts system performance

and efficiency.



2.4. DC-DC CONVERTERS 27

Step-Down Converter (Buck)

The step-down converter, also known as a buck converter, is a type of DC-DC converter

that generates an output voltage that is equal to or lower than the input voltage. Its

operation is based on the storage and discharge of energy through an inductor L, which

is controlled by the duty cycle (δ) of the PWM signal applied to the transistor (or switch)

in the circuit [32].

Figure 2.6: Step-Down Converter (Buck)

Source: [32]

The converter operates in two main stages:

• 1st Stage (Transistor Conducting): When the transistor is conducting, the current

flows through the inductor L and the load connected to the output. During this

phase, the inductor is magnetized, and energy is delivered to the output.

• 2nd Stage (Transistor Off): When the transistor is turned off, the diode starts

conducting, allowing the inductor L to demagnetize, transferring its stored energy

to the load.

The analysis of the circuit leads to the determination of the relationship between the

input voltage (Vin), the output voltage (Vout), and the duty cycle (δ), expressed by the

following equation:

(Vin − Vout) · δ · T = −Vout · (1− δ) · T (2.1)
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Therefore, the static gain, under continuous operation conditions [32], is given by:

Vout

Vin

= δ (2.2)

Thus, the static gain of the converter, for continuous mode operation, is defined by

this relationship. Since the duty cycle (δ) ranges between 0 and 1, it can be concluded

that the output voltage will always be lower or equal to the input voltage (Vin ≥ Vout),

fulfilling the purpose of the buck converter, which is to provide a reduced voltage at the

output [32].

Step-Up or Boost Converter

This converter generates a DC output voltage that is equal to or higher than the input

voltage. The electrical diagram of this type of converter can be seen in Figure 2.4.1.

Figure 2.7: Step-Up or Boost Converter

Source: [32]

Like the previous converter, this one operates on the principles of energy storage and

discharge in the inductor L, with its behavior controlled by the duty cycle of the PWM

signal applied to the transistor (switch). The operation of this converter is also divided

into two stages [32]:

• 1st Stage: Occurs when the transistor is conducting. Current flows through the

inductor, during which the inductor L is magnetized.
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• 2nd Stage: In this stage, the switch is open, meaning the transistor is not conduct-

ing. During this stage, the diode begins to conduct, and the inductor is demagne-

tized. The source (Vin) and the inductor supply energy to the load, resulting in an

increase in output voltage.

By observing the circuit, the equation that represents it is as follows:

Vin · δ · T = (Vout − Vin) · (1− δ) · T (2.3)

Thus, the static gain of the boost converter, under continuous conduction mode, is

[32]:

Vout

Vin

=
1

1− δ
(2.4)

Since it assumes values between 0 and 1, we can conclude that (Vout ≥ Vin), fulfilling

the purpose of this converter, which is to provide an output voltage higher than the input

voltage.

In the context of converters, particularly those designed to produce an output volt-

age higher than the input voltage, there are other types that provide an even greater

ratio between these voltages. This is influenced by the number of components used and

their respective configurations. Examples include the Cascade boost, Interleaved boost,

Multilevel boost, Hybrid boost, and Quadratic converters.

Step-Up/Down Converter or Buck-Boost

The buck-boost converter is designed to provide an output voltage that can either exceed

or fall below the input voltage, depending on the requirements of the application. Figure

2.4.1 illustrates the electrical schematic of this type of converter.
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Figure 2.8: Step-Up/Down Converter (Buck-Boost)

Source: [32]

This converter effectively combines the functionalities of both step-up and step-down

converters, and its operation is similarly based on controlling energy within the inductor

(L). This control is achieved through the duty cycle of the PWM signal applied to the

transistor. A notable feature of this converter is that the output voltage (Vout) can be

negative relative to the ground. Its operation can be divided into two distinct phases:

• 1st Stage – This phase occurs when the transistor is in the conducting state. During

this time, current flows through the inductor, resulting in the magnetization of

inductor L.

• 2nd Stage – In this phase, the switch is open, indicating that the transistor is not

conducting. The diode begins to conduct, and the energy stored in inductor L is

delivered to the load (output), leading to the demagnetization of the inductor.

The governing equation for this circuit is represented as follows:

Vin · δ · T = −Vout · (1− δ) · T (2.5)

Thus, the static gain for non-latching operation can be expressed as:

Vout

Vin

=
−δ

1− δ
(2.6)
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Since δ can take values between 0 and 1, it follows that, depending on the desired

outcome. It can be observed that the output voltage may be greater or lesser than the

input voltage [32].

Flyback Converter

The Flyback converter is a type of isolated DC-DC converter, derived from the buck-

boost topology, that allows the output voltage to be either higher or lower than the input

voltage. Unlike non-isolated converters, isolated converters like the Flyback use a high-

frequency transformer to provide electrical isolation between the input and output, which

is critical in many applications. The control of this converter, as with other DC-DC

converters, is achieved through a Pulse Width Modulation (PWM) signal with a variable

duty cycle [37].

Figure 2.9: Flyback Converter

Source: [32]

In the Flyback converter, energy transfer occurs via the transformer’s windings. When

the transistor (switch) is turned on, energy is stored in the primary winding of the trans-

former. Once the transistor is turned off, this energy is transferred to the secondary

winding, supplying the load. This operating mechanism provides both voltage isolation

and a flexible conversion ratio, depending on the turns ratio of the transformer. The
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static gain for the Flyback converter in continuous conduction mode can be described by:

Vout

Vin

=
Ns

Np

· δ

1− δ
(2.7)

Where Ns and Np represent the number of turns on the secondary and primary wind-

ings, respectively. Notably, when Ns = Np, the equation resembles that of the buck-boost

converter, showing the Flyback’s roots in this topology [32].

One of the key challenges with Flyback converters is the high voltage spikes that occur

when the transistor is switched off, due to the energy stored in the transformer’s leakage

inductance. To mitigate these voltage spikes and prevent damage to the switch, it is

common to use a snubber circuit in parallel with the transistor [32].

In isolated step-up/down converters like the Flyback, the transformer serves not only

to provide isolation but also to control the energy transfer. As described, when the

transistor is closed, the input voltage magnetizes the transformer’s primary winding.

Once the switch opens, the stored energy is transferred to the secondary winding, which

then supplies the output voltage. This process enables the Flyback converter to handle a

wide range of input and output voltage ratios depending on the application [2] [37].

Forward Converter

The forward converter is a type of isolated DC-DC converter, derived from the buck (step-

down) converter. The key difference from non-isolated converters lies in the inclusion of

a transformer, which provides galvanic isolation between the input and output. This

transformer also defines the turns ratio, allowing the forward converter to generate an

output voltage either higher or lower than the input voltage, depending on the relationship

between the primary (Np) and secondary (Ns) windings. When Ns = Np, the forward

converter behaves similarly to the buck converter, producing an output voltage lower than

the input [32].
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Figure 2.10: Forward Converter

Source: [32]

During its operation, the forward converter follows two main stages. In the first stage,

when the switching transistor is closed, the input energy is directly transferred to the load

through the primary winding of the transformer, while diode D1 conducts, and diode D2

remains off. At this point, energy is also stored in the inductor L. In the second stage,

when the transistor opens, diode D2 starts conducting, releasing the stored energy from

the inductor L to the output, while diode D1 turns off [2].

The static gain of the forward converter, in continuous conduction mode (CCM), can

be expressed by the following equation:

Vout

Vin

=
Ns

Np

· δ (2.8)

Where D represents the duty cycle of the PWM signal applied to the switching tran-

sistor [32]. This relationship shows that the output voltage can be adjusted by both the

duty cycle and the transformer turns ratio. In cases where Ns = Np, the equation closely

resembles the buck converter’s transfer function [2].

An important aspect of the forward converter is the need for demagnetization circuits

for the transformer. Unlike the flyback converter, the magnetic flux in the transformer

does not automatically reset at the end of each cycle. Therefore, a reset winding or energy

recovery circuits are often required to prevent transformer saturation.
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This converter is widely used in power supply systems, particularly where isolation

between input and output is needed, along with precise output voltage control, such as

in energy conversion systems for electric vehicles and solar panels [2].

Full Bridge Converter

The full bridge converter enables functionality akin to that of the half bridge converter.

However, this converter achieves a gain that is double that of the half bridge converter

and is characterized by a more complex circuit topology, as illustrated in the following

figure 2.4.1.

Figure 2.11: Full Bridge Converter

Source: [32]

This is due to the application of an alternating voltage of ±Vin at the primary winding.

Thus, the static gain of the full bridge converter, in continuous conduction mode (CCM),

is given by the following equation [32]:

Vout

Vin

= 2 ·
(
Ns

Np

)
· δ (0 < δ < 0.5) (2.9)

Its operation consists of two distinct phases. The switches (T ) are activated in pairs;

for instance, when switches T1 and T2 are conducting, switches T3 and T4 are off. During

the conduction of T1 and T2, diode D1 conducts while diode D2 remains off, and the oppo-

site occurs when T3 and T4 are conducting. The transition between these two operational
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phases includes a brief period when both diodes conduct simultaneously [2].

This method of operation allows for greater flexibility in controlling the output voltage,

making the full bridge converter particularly suitable for applications requiring isolation

between input and output, along with precise voltage regulation [2].

2.5 MPPT (Maximum Power Point Tracking)

In photovoltaic system installations, it is crucial to design a solar system to operate under

optimal conditions and maximize efficiency. Early research aimed at extracting maximum

power from a photovoltaic (PV) panel initially focused on mechanical systems that moved

PV panels to capture the most solar radiation possible. These mechanical systems tracked

the sun’s movement across the sky, adjusting the panels accordingly. While effective, this

method was later complemented by electrical tracking systems, known as Maximum Power

Point Trackers (MPPT). MPPT systems are based on voltage and current variations

during PV system operation, allowing for the extraction of maximum power by ensuring

the system operates at its optimal point of efficiency [38].

In a typical scenario, when a PV generator is connected directly to a load, the operating

point might be far from the maximum power point (MPP) of the system. This mismatch

occurs due to the intersection of the voltage-current curve with the load line, which may

not align with the MPP. To address this, an electronic converter is often introduced

between the PV generator and the load. This converter not only searches for the MPP

but also performs additional functions specific to these systems. The full system, as

illustrated in Figure 2.5, consists of the PV generator, sensors, control device, MPPT

algorithm, and the load.
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Figure 2.12: Block diagram of the PV system with MPPT

Source: [39]

The MPPT algorithm monitors the voltage and current at the input, and sometimes

also accounts for climatic variations, adjusting the duty cycle to minimize any deviation

from the optimal point. This adjustment occurs cyclically until the system reaches the

MPP [39], [40].

The primary goal of using MPPT is to ensure that, regardless of environmental

conditions—particularly solar radiation and temperature—the photovoltaic system oper-

ates at its maximum power output. These algorithms are designed to find the Maximum

Power Point (MPP) under various operating conditions and adjust the system’s operation

accordingly.
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Figure 2.13: Characteristic curve of a photovoltaic panel

Source: [41]

Identifying the MPP involves analyzing the power/voltage equation, which is derived

by taking the second derivative of the current/voltage equation. This mathematical pro-

cess reveals the point at which the power output reaches its peak. At the MPP, the

specific values of voltage and current ensure that the power output is maximized, thereby

enabling the photovoltaic (PV) system to operate with optimal efficiency.

In this thesis, the MPPT algorithms under study are Constant Voltage, Perturb and

Observe (P&O), Incremental Conductance (IC), and Fixed Duty Cycle.

Constant Voltage (Vcte): This method maintains the operating voltage of the

photovoltaic module at a constant value, close to the maximum power point. While simple

to implement, its effectiveness can be limited, especially under varying environmental

conditions, as it does not adequately respond to changes in irradiance or temperature

[42], [43].

Perturb and Observe (P&O): This algorithm introduces small perturbations to

the system’s voltage or current and observes the resulting power variation. If a perturba-

tion leads to an increase in power, the system continues in that direction; otherwise, it
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reverses the perturbation. Despite its popularity, P&O can exhibit oscillations around the

maximum power point and reduced performance under rapidly changing environmental

conditions [43], [39].

Incremental Conductance (IC): This method calculates the incremental conduc-

tance of the system and compares it with the instantaneous conductance to determine

the necessary adjustment direction to reach the maximum power point. IC offers greater

accuracy compared to P&O, particularly in rapidly changing conditions, but it is more

complex to implement [44].

Fixed Duty Cycle (D): This method operates the converter with a fixed duty cycle,

without considering variations in environmental conditions or load. While the simplest

approach, it is also the least efficient, as it does not adjust the operating point to maximize

the power extracted from the photovoltaic module [45], [42].

The choice of an appropriate MPPT algorithm is crucial to optimizing the efficiency

of photovoltaic systems, considering the trade-offs between implementation complexity

and performance under diverse operating conditions.



Chapter 3

Methodology

In this chapter, the focus is on the models related to the connections between the pho-

tovoltaic panel and the battery, exploring the ideal configuration for maximizing energy

efficiency with the goal of optimizing battery charging. The methodology addresses key

components of the photovoltaic system, including the principles of photovoltaic gener-

ation, the mathematical modeling of the system, and the design of the modules and

converters.

Additionally, simulations of the current-voltage (I-V) curves are performed to assess

system performance under various conditions. Different types of DC-DC converters, such

as boost and quadratic converters, are explored, with a detailed analysis of their design

and operation. The chapter also introduces the control strategies used in the system, such

as Maximum Power Point Tracking (MPPT) and the design of controllers.

Lastly, the energy storage system is examined, with a particular focus on the math-

ematical models that describe the behavior of the battery, including its charge and dis-

charge cycles, efficiency, and State of Charge (SoC). The battery used in this study, along

with its technical specifications, is presented in detail.

39
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3.1 Photovoltaic Generation

3.1.1 Operating Principle

Describes the fundamental process by which photovoltaic (PV) cells convert sunlight into

electricity, based on the photoelectric effect.

3.1.2 Photovoltaic Module Under Study

The photovoltaic system analyzed in this dissertation consists of a solar panel manufac-

tured by Wattstunde, and the model under study is the HG-L530-72CW. The catalog for

this panel can be found in Appendix B.

Table 3.1: Photovoltaic Panel Specifications
Parameter Value

Maximum Power (Pmax) 530 W

Length (C) 2282 mm

Width (L) 1137 mm

Reference Temperature (Tref) 25◦C

Reference Irradiance (Gref) 1000 W/m²

Max Power Current (Imp) 12.83 A

Max Power Voltage (Vmp) 41.35 V

Short Circuit Current (Isc) 13.76 A

Open Circuit Voltage (Vco) 49.90 V

Solar Cells 144 (6*24)
Parameters of the HG-L530-72CW panel

3.1.3 Mathematical Model

The photovoltaic panel consists of multiple interconnected photovoltaic cells that convert

sunlight into electricity through the photovoltaic effect. Each cell, on its own, produces

a small amount of energy and a low voltage. To increase energy output, these cells are
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connected in series and parallel, forming the photovoltaic panels commonly used in solar

energy systems.

The behavior of a photovoltaic module can be described using a mathematical model

that establishes a relationship between the current, voltage, and power generated by the

panel, considering its physical and environmental characteristics. This model is based on

a single-diode equivalent circuit, where the output current is determined by the photo-

generated current minus the internal losses of the system.

The equivalent circuit models for photovoltaic cells can range from simple to more

complex. The simplest, the ideal model, includes only a current source and a diode.

However, more accurate models account for real-world conditions by incorporating addi-

tional elements like series and parallel resistances and sometimes multiple diodes.

Figure 3.1: Real schematic of the photovoltaic cell

Source: [46]

For this study, the realistic single-diode model is used, which includes a current source,

a diode, a series resistance, and a parallel resistance. This model better reflects the actual

behavior of the photovoltaic cells under varying conditions, allowing for a more precise

analysis of the system’s performance.

The equation for the current in a photovoltaic module is derived using Kirchhoff’s

current law Kirchhoff’s current law (KCL), which states that the sum of currents at

any node in an electrical circuit must equal zero. In the context of the photovoltaic

module’s equivalent circuit, this law helps describe the flow of current through the different

components of the system.
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The resulting equation for the current of the photovoltaic module is expressed as:

I = Iph − Id − Ip (3.1)

Where Iph represents the photo-generated current, Id is the diode current, and Ip

denotes the leakage current through the parallel resistance.

The diode current can be expressed by the equation:

Id = Io

(
e

V +RsI
mVT − 1

)
(3.2)

Here, Io is the diode saturation current, V is the panel voltage, Rs is the series resis-

tance, m is the diode ideality factor, and VT is the thermal voltage, given by:

VT =
kTFV

q
(3.3)

Where k is the Boltzmann constant (1.38×10−23 J/K), q is the electron charge (1.6×

10−19 C), and TFV is the temperature of the photovoltaic cell in Kelvin (K).

The reference thermal voltage VTref is given by:

VTref =
kTref

q
(3.4)

The leakage current through the parallel resistance Ip is written as:

Ip =
V +RsI

Rsh

(3.5)

Where Rsh is the parallel resistance. Thus, the complete equation for the current of

the photovoltaic module is:

I = Iph − Io

(
e

V +RsI
mVT − 1

)
− V +RsI

Rsh

(3.6)

The voltage equation of the photovoltaic module can be expressed by:
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V = mVT ln

Iph −
(

V+RsI
Rsh

− I
)

Io
+ 1

 (3.7)

To account for the variation in cell temperature concerning the ambient temperature,

we use the equation for the cell temperature TFV :

TFV = θc + 273.15 (3.8)

Where θc is calculated as:

θc = θamb +
G · (NOCT − 20)

800
(3.9)

Here, θc is the cell temperature in degrees Celsius [◦C], θamb is the ambient temperature

in degrees Celsius [◦C], G is the irradiance incident on the cell in watts per square meter

[W/m2], and NominalOperatingCellTemperature(NOCT ) is the nominal operating cell

temperature in degrees Celsius [◦C].

Continuing with the system sizing, it will be necessary to analyze the parameters as-

sociated with the diode’s reverse saturation current (Ior). To do this, we need to calculate

the ideality factor of the photovoltaic panel (m), the reverse saturation current under

reference conditions, and the short-circuit current (Isc), taking into account the incident

solar radiation.

The process begins with determining the reverse saturation current of the diode under

standard conditions (Ior). This calculation is based on the simplified diagram of the

photovoltaic cell (as shown in Figure 3.2), which operates under open-circuit conditions

(I = 0 and Iph = Isc).
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Figure 3.2: Simplified diagram of a photovoltaic cell

Source: [46]

By applying Kirchhoff’s current law, we arrive at the following equation:

I = Iph − Ior

(
e

Vco
mV ·Tref − 1

)
⇐⇒ 0 = Isc − Ior

(
e

Vco
mV ·Tref − 1

)
⇐⇒

Ior =
Isc

e
Vco

mV ·Tref − 1
(3.10)

As for the ideality factor, it is also determined based on the simplified diagram of the

photovoltaic cell (Figure 3.2), where we will apply Kirchhoff’s current law and substitute

the variables with values provided by the manufacturer, specifically assigning the values

corresponding to the maximum power point operating conditions.

I = Iph − Id ⇐⇒ I = Iph − Io

(
e

V
mV ·T − 1

)
⇐⇒

Imax = Isc − Ior

(
e

Vmax
mV ·Tref − 1

)
(3.11)

By solving the previous equation for the ideality factor (m) and substituting the reverse

saturation current of the diode under reference conditions (Ior) with equation 3.10, we

have:

m =
Vmax − Vco

VTref
ln
(
1− Imax

Isc

) (3.12)
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m′ =
m

NSM
(3.13)

Where Imax is the current at the maximum power point (in amperes [A]), Ior is the

reverse saturation current under reference conditions (in amperes [A]), Isc is the short-

circuit current (in amperes [A]), m′ represents the ideality factor of the cell, NSM denotes

the number of cells connected in series, Vco is the open circuit voltage (in volts [V]), and

Vmax is the voltage at the maximum power point (in volts [V]).

The determination of the diode’s reverse saturation current will be carried out con-

sidering the characteristics of the material used in the photovoltaic cell [2], since we

know that the cells in question are made of silicon. Therefore, we will use the following

equations:

 Ior = D · T 3
refe

− ϵ
mV ·Tref

Io = D · T 3
FV e

− ϵ
mV ·T

 ⇒ Io
Ior

=
D · T 3

FV e
− ϵ

mV ·T

D · T 3
refe

− ϵ
mV ·Tref

⇒

⇒ Io = Ior

(
TFV

Tref

)3

e
ϵ

m′

(
1

VTref
− 1

VT

)
(3.14)

Where Isc is the short-circuit current under reference conditions (amperes [A]), and ϵ

is the bandgap of silicon (ϵ = 1.12 eV).

Given that the short-circuit current of the photovoltaic cell remains almost constant

with respect to temperature, unlike the incident solar radiation, the short-circuit current

exhibits a linear variation with radiation. This allows the calculation of the short-circuit

current using the following expression:

Isc = Iscr

(
G

Gref

)
(3.15)

For sizing, it is essential to relate the parameters that still need to be determined with

two operating states of the simplified photovoltaic cell scheme: the open-circuit state and

the short-circuit state. Based on the operation in short-circuit, we can determine the

source current (Iph), taking into account the conditions of the variables for this state and
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the current temperature coefficient (Ki):

Iph = Iscr
G

Gref

= [Isc +Ki(T − Tref )]
G

Gref

(3.16)

When considering the operation in open circuit, where I = 0, the voltage that appears

at the panel terminals, known as the open-circuit voltage (Vco), represents the maximum

voltage generated. Thus, we have:

U = Vco = mVT ln
(
1 +

Iph
Io

)
(3.17)

The maximum power generated by a photovoltaic panel is reached at the maximum

power point, where the product between the voltage (Vmax) and the current (Imax) is max-

imized. This point depends on various electrical parameters, including series resistance

(Rs) and parallel resistance (Rsh). The following equation expresses the maximum power

as a function of these variables:

Pmax = Vmax · Imax ⇐⇒

⇐⇒ Pmax = Vmax

(
Iph − Io

[
e

(
q
kT

·Vmax+Rs·Imax
Nsm·VTm

)
− 1

]
− Vmax +Rs · Imax

Rsh

)
(3.18)

In addition, to ensure efficient panel operation, it is important to consider the min-

imum parallel resistance (Rshmin
). This resistance directly influences the panel’s per-

formance, especially under low light conditions. The Rshmin
can be determined by the

following equation, which relates the short-circuit current (Isc) and the maximum power

current:

Rshmin
=

Vmax

Isc − Imax

− Vco − Vmax

Imax

(3.19)

This equation reveals how parallel resistance affects the current and voltage at the
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maximum power point, being crucial to minimize losses and optimize the efficiency of the

photovoltaic system.

Knowing the minimum value of the parallel resistance, we can calculate the series

resistance using the current divider rule. The equation for this relationship is:

Iph =

(
Rsh +Rs

Rsh

)
· Isc ⇐⇒ Rs =

(
Iph ·Rsh

Isc

)
−Rsh (3.20)

If we use the method of the I-V curve slope, the parallel resistance is determined by

the slope of the line between the short-circuit point and the maximum power point. The

series resistance, on the other hand, is determined by the slope of the line between the

maximum power point and the open-circuit point. This gives us the following expressions:

Rsh =
Vco

Isc − Imax

(3.21)

Rs =
Vco − Vmax

Imax

(3.22)

These equations allow us to calculate both the parallel and series resistances, providing

a more complete understanding of the panel’s electrical characteristics and optimizing its

performance by minimizing losses.

3.2 DC-DC Converters

In photovoltaic systems, DC/DC converters play a key role in optimizing energy transfer

between solar panels and batteries by adjusting input and output voltages based on system

requirements. In this project, we focus on two topologies: the boost converter and the

quadratic converter. These were selected for their efficiency in voltage elevation without

isolation, which streamlines the system and reduces energy loss from transformers.

The boost converter is commonly used in renewable energy applications, as it raises the

output voltage above the input, converting the energy from photovoltaic panels (usually at

lower voltage) to a suitable level for battery charging. Techniques like MPPT (Maximum
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Power Point Tracking) are applied to maximize energy capture, regulating the switching

of transistors, such as MOSFETs or IGBTs, based on system requirements like switching

frequency, power, and operating voltage.

The quadratic converter—a variant of the boost converter—offers even higher voltage

gain, which is essential when there is a large difference between the panel input voltage and

the battery’s required voltage. This topology enhances stability and efficiency in high-

voltage applications, preventing current fluctuations and ensuring a continuous power

supply. As with the boost converter, control methods in the quadratic design allow

for distinct operating modes based on current or voltage control, adjusting transistor

switching as needed.

Using both converters enables various configurations, adapting to the photovoltaic and

battery characteristics. The choice of these converters not only meets the need for voltage

elevation but also provides a stable and efficient energy flow from panel to battery, with

control adjustments that optimize power transfer based on irradiance and load conditions.

3.2.1 Boost Converter

To raise the low voltage provided by the photovoltaic panel to the necessary level for

charging, a boost converter was chosen. This converter operates in two distinct phases.

Figure 3.3: Boost Converter

Source: [32]

In the first phase, when the switch is closed and the transistor conducts, current flows
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through the inductor, accumulating magnetic energy. The inductor thus temporarily

stores energy in preparation for transfer to the load.

Figure 3.4: Circuit diagram of the boost converter when the switch is turned on

Source: [32]

In the second phase, the switch opens, stopping transistor conduction, and the energy

stored in the inductor is transferred to the load via the diode and capacitor. At this

point, the inductor pushes the output voltage to a level higher than the input to ensure

adequate system power.

Figure 3.5: Circuit diagram of the boost converter when the switch is turned off

Source: [32]

A key feature of the boost converter is its voltage gain—the ratio between the output

and input voltages. This gain is controlled by the duty cycle (δ), representing the portion

of the switching period when the control signal keeps the switch closed. Typical duty
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cycle values range from 0 to 1, providing flexibility in voltage regulation. By adjusting

this duty cycle, the converter can increase or decrease output to match the system’s

power demands, optimizing energy transfer from the panel and supporting stable, reliable

operation. This adjustable control over voltage gain is essential for optimizing energy use

in photovoltaic applications, where available power fluctuates with sunlight conditions.

The figure 3.2.1 illustrates the behavior of current and voltage in the boost converter

in relation to the conduction and cutoff times of the corresponding switch.

Figure 3.6: Waveforms of current and voltage of the boost converter in steady state

Source: [47]

By controlling the respective intervals of the two previously described phases, we can

achieve the desired average output voltage according to the design specifications of the

converter. The expression for the voltage across the inductor (VL) will allow us to deduce

the gain of the converter as a function of the duty cycle. This is important because, in

steady state, we know that the average value of this voltage is zero (VL = 0).

Here is the expression for VL(t):
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VL(t) =

+Vin, 0 < t < ton

+Vin − Vout, ton < t < T

(3.23)

The average value of VL is determined as follows:

VLavg = 0 ⇔ 0 =
1

T

[∫ ton

0

Vin dt+

∫ T

ton

(Vin − Vout) dt

]

⇔ 0 =
1

T

[∫ δT

0

Vin dt+

∫ T

δT

(Vin − Vout) dt

]
⇔ 0 =

1

T
[VinδT + (Vin − Vout)(T − δT )]

From this, we can derive the gain of the boost converter:

Vout

Vin

=
1

1− δ
(3.24)

Where the duty cycle (δ) is determined as follows:

δ =
ton
T

=
ton(
1
f

) (3.25)

The parameters utilized in the previous equations include the switching frequency fs

measured in hertz [Hz], the switching period Ts expressed in seconds [s], and the input

voltage of the converter Vin in volts [V]. Additionally, the voltage across the inductor is

denoted as VL (volts [V]), while the average voltage across the inductor is represented

as VLavg (volts [V]). The output voltage of the converter is Vout (volts [V]), and the duty

cycle is represented by δ.

Based on equation 3.24, the graph 3.2.1 illustrates the gain as a function of the duty

cycle. This graph allows for a quantitative analysis of the desired output voltage levels of

the converter, taking into account the input values.
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Figure 3.7: Gain of the boost converter as a function of the duty cycle

Source: [47]

In this study, the design of the boost converter will be conducted based on pre-

determined output voltage levels, with parameters established from nominal operating

conditions. Initially, the duty cycle will be determined using the following equation:

δ = 1− Vin

Vout

(3.26)

The next step involves calculating the control voltage (Uc), which will be compared

with a carrier wave of amplitude A and frequency f . The resultant signal will control the

switch.

Uc = A · δ (3.27)

Knowing the input current applied to the converter under reference conditions, we can

then obtain the output current using the following equation, allowing us to subsequently

determine the load resistance (RL):

Iout = (1− δ)Iin (3.28)
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Iout =
Vout

RL

=
Vin

RL

· 1

(1− δ)
⇒ RL =

Vin

Iin(1− δ)2
(3.29)

Where Iin is the input current of the converter (amperes [A]), Iout is the output current

of the converter (amperes [A]), and RL is the load resistance (ohms [Ω]).

Continuing with the design process, it is essential to specify acceptable values for the

ripple in the input current (∆Iin) and the output voltage ripple (∆Vout), typically ranging

between 10% and 20%. With the previously determined parameters in place, we can now

proceed to calculate the remaining components of the converter, specifically the induc-

tor and capacitor. To dimension the inductor, we introduce a variable representing the

operating phase of the converter (γ), which allows for the implementation of the differ-

ential equation that describes the current behavior in the inductor over time. Assuming

a constant output voltage (Vout = Voav), we can define γ as follows:

γ =

0 for the switching stateD (when ton < t < T )

1 for the conduction stateD (when 0 < t < ton)
(3.30)

The differential equation governing the inductor current can be expressed as:

diL
dt

=
Vin − γVout

L
(3.31)

By integrating both sides of this equation and noting that γ is assigned a value of

zero (γ = 0), we can establish the relationship for the inductor parameter (L), given that

iL(γ · ton) corresponds to the initial current value at each interval:

iL(t) =
Vin

L
(t− γ · δT )− Vout

L
γ(t− δT ) + iL(ton) (3.32)

This can be simplified to:

iL(t)− iL(γton) =
Vin

L
(t− γ · δT ) ⇒ ∆iL =

Vin

L
δT ⇒ L =

(
Vin

∆iL

)
δT (3.33)
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The load resistance (Ro) is directly supplied by the capacitor (C) when the switch is

closed, leading us to the following relationship:

Iout =
Vout

RL

= −C
d

dt
Vout (3.34)

Assuming that Vout varies linearly with an initial value of Vo +
∆Vo

2
and that t = δT ,

the following expression is derived:

Iout = −C
d

dt
Vout ⇒

d

dt
(Vout) = −Iout

C
⇒ Vout =

∫
−Iout

C
dt (3.35)

From this, the relationship becomes:

Vout = −Iout
C

t+ Vout +
∆Vout

2
⇒ Vout −

∆Vout

2
= −Iout

C
t+ Vout +

∆Vout

2
(3.36)

This results in:

Iout
C

δT = ∆Vout ⇒ C =

(
Iout
∆Vout

)
δT (3.37)

3.2.2 Quadratic Converter

The quadratic boost converter shown in Figure 3.2.2 is a DC-DC step-up converter de-

signed to amplify voltage, based on the series connection of two boost stages. A key

advantage of this configuration is its ability to achieve a quadratic gain in comparison

to a traditional single-stage boost converter, meaning it can reach significantly higher

output voltages with the same duty cycle. Additionally, this topology simplifies control

requirements by using only a single controlled semiconductor switch, enhancing efficiency

and reducing the complexity of implementation.
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Figure 3.8: Quadratic Converter

Source: [48]

The quadratic boost converter operates through two primary modes based on the

state of the MOSFET: conducting (ON) or not conducting (OFF). While the MOSFET

is conducting for a period ton, it remains off for the remainder of the cycle T , defining a

duty cycle δ = ton
T

at a switching frequency fPWM = 1
T
.

In the ON state, the diodes D1 and D2 are reverse-biased and do not conduct, whereas

D3 is forward-biased, allowing capacitor C0 to supply power to the load, represented by

resistance R. During this phase, energy transfer occurs as C1 charges inductor L2, and

the current through inductor L1 increases due to the positive applied voltage U . This

configuration is illustrated in Figure 3.2.2, with the governing circuit equations detailed

as follows:

−U + VL1 = 0 ⇒ VL1 = U (3.38)

−VC1 + VL2 = 0 ⇒ VL2 = VC1
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Figure 3.9: Quadratic converter with the MOSFET conducting

Source: [48]

In the OFF phase, the MOSFET is no longer conducting, while D1 and D2 now

allow current flow, forcing D3 to switch off. Here, L1 maintains current flow through D1,

supporting continuous magnetic energy. This configuration, illustrated in Figure 3.2.2,

allows the capacitors to recharge. The key equations for this mode are as follows:

−U + VL1 + VC1 = 0 ⇒ VL1 = U − VC1 (3.39)

−VC1 + VL2 + V0 = 0 ⇒ VL2 = VC1 − V0

Figure 3.10: Quadratic converter with the MOSFET in cutoff mode

Source: [48]

These two states together describe how the converter’s energy management between
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inductors and capacitors yields a quadratic voltage gain, achieving high efficiency with

only a single controlled switch.

To define the two operational phases of the converter, we introduce a binary variable,

γ, which denotes each phase based on the fraction of the switching period T as follows:

γ =

1, 0 < t < Ton

0, Ton < t < T

By associating γ with the previous voltage equations, we obtain:

VL1 =

U, γ = 1

U − VC1, γ = 0

VL2 =

VC1, γ = 1

VC1 − V0, γ = 0

To derive the quadratic converter’s voltage gain, V0

U
, we analyze the circuit in steady-

state operation, where the average inductor voltages over a switching period must be zero.

This steady-state assumption leads to the following integrals:

VL1avg =
1

T

[∫ δT

0

U dt+

∫ T

δT

(U − VC1) dt

]
= 0 (3.40)

VL2avg =
1

T

[∫ δT

0

VC1 dt+

∫ T

δT

(VC1 − V0) dt

]
= 0 (3.41)

Solving these equations for the input voltage U and output voltage V0, we find:

0 =
1

T
[UδT + (U − VC1)(T − δT )] ⇒ U = (1− δ)VC1 (3.42)

0 =
1

T
[VC1δT + (VC1 − V0)(T − δT )] ⇒ V0 =

VC1

1− δ
(3.43)

From these, the voltage gain V0

U
for the quadratic converter is:
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V0

U
=

VC1

1−δ

(1− δ)VC1

=
1

(1− δ)2
(3.44)

where T represents the switching period in seconds, U denotes the input voltage in

volts, and VC1 is the voltage across capacitor C1, also in volts. The terms VL1 and

VL2 indicate the voltages across inductors L1 and L2, respectively, while V0 is the output

voltage of the converter in volts, and δ is the duty cycle, which characterizes the proportion

of time the MOSFET is conducting within each cycle.

Continuing with the quadratic boost converter design, the next step is to calculate the

duty cycle (δ) based on predetermined input and output voltage levels. Using equation

3.44, the expression is:

Vo

U
=

1

(1− δ)2
⇒ δ = 1−

√
U

Vo

(3.45)

Since this converter is connected directly to a photovoltaic panel, we know the input

current I. Using this input, the output current Io can be found based on the converter’s

current gain:

Io = I(1− δ)2 (3.46)

The load resistance Ro is determined with:

Ro =
1

(1− δ)2
· U
Io

(3.47)

Next, the values for inductors L1 and L2 are calculated, factoring in the slight cur-

rent ripple due to the reactive elements in the circuit. This change is expressed by the

differential equations for inductor currents:

diL1
dt

=
vL1
L1

,
diL2
dt

=
vL2
L2

(3.48)

During the ON phase (δTs), where vL1 = U and vL2 =
U

1−δ
, the inductor ripple currents
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are:

∆iL1 =
U · δT
L1

, ∆iL2 =
U · δT

(1− δ)L2

(3.49)

Finally, we can determine values for inductances L1 and L2:

L1 =
Uδ

∆iL1f
, L2 =

Uδ

(1− δ)∆iL2f
(3.50)

These expressions provide the necessary parameters to achieve efficient operation in

the converter’s reactive components.

In the process of determining the capacitive elements, we start by calculating the

output capacitor Co, which directly supplies the load resistance Ro when the switch (S)

is closed. The relationship is given by the following expressions:

Io =
Vo

Ro

(3.51)

ICo = Co
d

dt
vo ⇒ Io = ICo ⇒ Vo

Ro

= Co
d

dt
vo (3.52)

Assuming that vo changes slowly over the period T , we can approximate the variation

of vo as linear around its average value, yielding:

Vo

Ro

= Co
∆vo
∆t

⇒ Co =
Vo∆t

Ro∆vo
⇒ Co =

VoδT

Ro∆vo
(3.53)

This results in:

Co =
Uδ

(1− δ)2Ro∆vof
(3.54)

Next, for the capacitor C1, we base our calculation on the differential equation de-

scribing the current behavior in the capacitor, which is identical to that in inductor L2

when the switch (S) is closed:
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iC1 = iL2 = C1
dVC1

dt
= C1

∆vC1

∆t
(3.55)

Using this equation and considering the current through inductor L2 in terms of output

current Io, we obtain the equation for calculating the capacitance of C1. The average

current in inductor L2, considering that the switch is open (γ = 0, t = (1 − δ)T ), leads

to the following relationship:

IL2 =

IC1 for 0 < t < Ton

IL1 − IC1 for Ton < t < Ts

(3.56)

From this relationship, the following expression is obtained:

IL2 = (1− δ)IL1 ⇒ IL2 = (1− δ)I ⇒ IL2 =
1

(1− δ)
Io (3.57)

Thus, the current in capacitor C1 is:

iC1 = iL2 ⇒ C1
∆vC1

∆t
=

1

(1− δ)
Io ⇒ C1

∆vC1

∆t
=

Vo

Ro

(1− δ) (3.58)

This leads to:

C1 =
δU

(1− δ)∆vC1Rof
(3.59)

3.3 Maximum Power Point Tracking (MPPT)

This section outlines the control strategies employed to optimize the performance of the

converters, with a focus on the techniques used for Maximum Power Point Tracking

(MPPT). To ensure the system operates efficiently and stably under varying environmen-

tal conditions, four primary MPPT methods are utilized. These methods are essential

for adjusting the system’s operation, ensuring that it consistently performs at its best
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and maximizes energy extraction. Each control method addresses specific aspects of the

converter’s behavior, contributing to the overall optimization of the system.

In scientific literature, various MPPT techniques have been proposed, all of which are

influenced by fluctuations in solar irradiance throughout the day. The dynamic perfor-

mance of these algorithms can be simulated and evaluated using mathematical models

of photovoltaic (PV) panels implemented in specialized software. These models provide

valuable insights into the behavior of PV systems under different environmental condi-

tions, enabling further optimization of energy extraction.

This study focuses on four distinct MPPTmethods, which are explored in detail: Fixed

Duty Cycle (Fixed Duty Cycle (D)), Constant Voltage (Constant Voltage (Vcte)), Perturb

and Observe (Perturb and Observe (P&O)), and Incremental Conductance (Incremental

Conductance (IC)). Each method plays a crucial role in improving the performance and

efficiency of the system by adapting to the changing conditions of the solar environment.

All MPPT algorithms are modeled using the computational tool Matlab/Simulink®.

These models are then discussed and presented in the following section.

3.3.1 Fixed Duty Cycle (D)

The Fixed Duty Cycle method is the simplest MPPT technique, as it does not require

any feedback or real-time adjustments. This method sets the load impedance to match

the Maximum Power Point (MPP) at a single predetermined value. Once configured,

the duty cycle remains constant, with no consideration for variations in environmental

conditions such as temperature or solar irradiance.

Due to its inherent inefficiency and inability to adapt to changing conditions, the

Fixed Duty Cycle method is not commonly used in practical applications. However, it

is often employed as a baseline or reference for comparison, representing the worst-case

scenario against which the performance of other, more advanced MPPT methods can be

evaluated.
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3.3.2 Constant Voltage (Vcte)

The Constant Voltage (Vcte) method was implemented in Matlab/Simulink to track the

Maximum Power Point (MPP) of the photovoltaic (PV) panel. The Vcte technique oper-

ates by maintaining the panel’s operating voltage close to a predefined reference voltage,

typically the voltage at the Maximum Power Point (Vmpp), under standard test condi-

tions.

The PV panel’s voltage (Vpv) was used as the input to a custom function implemented

in MATLAB code. The function computes the duty cycle (Duty) based on the difference

between the measured voltage (Vpv) and the reference voltage (Vref).

By analyzing the circuit corresponding to the converter’s output (Figure 3.11), re-

gardless of the converter type, the capacitor current (iCo) is obtained:

Figure 3.11: Converter output circuit

Source: [49]

The switched converters, designed to meet specific sizing requirements and supply a

load with the desired voltage and current, require closed-loop control. This control is

managed through the operation of the switches, which open and close based on the input

current, regardless of the load conditions. This method, often called voltage control, lever-

ages the output voltage’s slower dynamics compared to the input current. Consequently,

output voltage control is adjusted through input current variations. Analyzing the output

circuit of the converter, shown in Figure 3.14, yields the capacitor current (ico):
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ico = Co
dvout
dt

= I − Io (3.60)

By substituting I with the inductor current iL, which is controlled according to the

converter’s gain
(

Vout
Vin

)
, the resulting expression is:

Co
dvout
dt

=
Vin

Vout
iL − Io (3.61)

Applying the Laplace transform to the equation above and rearranging for the output

voltage vout, the following expression is derived:

sCovout =
Vin

Vout
iL − io ⇒ vout =

(
Vin
Vout

)
iL − io

sCo

(3.62)

Considering that vout changes very slowly over time, as it is a DC voltage that is

intended to remain nearly constant, it follows that the gain must also remain almost

constant. By analogy with equation 3.62, the block diagram of the voltage control system

can be represented, taking into account the compensator in the closed-loop configuration

and the unitary feedback gain (H), as follows:

Figure 3.12: Block diagram with a proportional-integral controller for voltage control

Source: adapted from [48]

As can be observed in a closed-loop system, the output signal is used to determine the

control signal to be applied at a specific moment, where the output signal is compared

to a reference signal, resulting in an error signal. This error signal is then processed to
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provide an accurate response to external disturbances. The error signal will be fed into

a PI compensator, which in turn will provide the effective value of the reference current

(iLref).

The primary advantage of the Constant Voltage method lies in its simplicity and

minimal sensor requirements. It only requires voltage sensing at the output of the PV

module, significantly reducing hardware complexity and cost. Furthermore, its compu-

tational requirements are low, making it well-suited for systems with limited processing

power.

However, the Vcte method operates on the assumption that the Vmpp remains rel-

atively constant, regardless of environmental variations such as changes in temperature

and solar irradiance. This simplification means that the method does not dynamically

adapt to these factors, which can result in suboptimal performance in rapidly changing

conditions. While this limitation does not affect the method significantly in stable envi-

ronments, it can lead to efficiency losses in systems subjected to frequent or significant

environmental fluctuations.

3.3.3 Perturb and Observe (P&O)

The Perturb and Observe (P&O) method is one of the most widely used techniques for

Maximum Power Point Tracking (MPPT) due to its simplicity and ease of implementation.

This method operates by periodically perturbing the voltage of the photovoltaic (PV)

panel and observing the resulting changes in power. Based on these observations, the

system adjusts the operating point of the panel to maximize power extraction.

The P&O algorithm works by analyzing the power-voltage (P-V) curve of the PV

system. According to the behavior of the curve, if the panel is operating to the right of the

Maximum Power Point (MPP), decreasing the voltage will increase the power. Conversely,

if the panel is operating to the left of the MPP, increasing the voltage will increase

the power. Starting from a given operating point, the algorithm perturbs the voltage

(increases or decreases it by a fixed step size, ∆V ) and compares the resulting power (P )
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to the previous power measurement. If the power increases, the perturbation continues in

the same direction; otherwise, the algorithm reverses the direction of perturbation [50].

The mathematical representation of the process is expressed as:

∆V = Vt − V (t−∆t) (3.63)

∆P = Pt − P (t−∆t) (3.64)

Based on these variations:

• If ∆V > 0 and ∆P > 0, or ∆V < 0 and ∆P < 0, the algorithm perturbs the

voltage in the same direction, indicating operation to the left of the MPP.

• If ∆V > 0 and ∆P < 0, or ∆V < 0 and ∆P > 0, the algorithm reverses the

perturbation direction, indicating operation to the right of the MPP [51].

Figure 3.13: Flowchart of the Perturb and Observe (P&O) algorithm, which adjusts the

reference voltage (Vref ) by observing changes in power (Ppv) and voltage (Vpv) to track

the Maximum Power Point (MPP)
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This method is popular due to its simplicity, as it only requires measurements of the PV

panel’s voltage and current, with no additional parameters or complex control structures.

However, it does present certain limitations. Under conditions of low irradiance, the

algorithm may cause significant oscillations around the MPP, reducing system efficiency.

Furthermore, in scenarios where irradiance changes rapidly, the algorithm may initially

select the incorrect direction, leading to slower convergence to the true MPP. The step size

∆V plays a crucial role in the algorithm’s performance: smaller steps reduce oscillations

but increase the time required for tracking, while larger steps improve response time at

the cost of higher oscillations [50], [51].

Despite its limitations, the P&Omethod remains a benchmark MPPT technique due to

its straightforward implementation and reliable performance under stable environmental

conditions. It continues to be a key reference point for comparing the efficiency and

responsiveness of more advanced MPPT algorithms.

3.3.4 Incremental Conductance (IC)

The primary goal of the MPPT technique is to continuously extract and deliver the

maximum possible power from the photovoltaic panel to the load. This is achieved by

identifying the voltage and current values that correspond to the maximum power point

at any given time. Among various MPPT algorithms, the Incremental Conductance

method calculates the derivative of power with respect to voltage, adjusting the duty

cycle accordingly. If the derivative is positive, the system is below the maximum power

point, so the duty cycle is increased. Conversely, if the derivative is negative, the system

is beyond the maximum power point, prompting a reduction in the duty cycle. The

maximum power point corresponds to the point where the power vs. current curve reaches

its peak, with the derivative at that point being zero.
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Figure 3.14: Variation of the dp
dv

signal as a function of power and voltage

Source: [52]

Figure 3.15: Variation of the dp
di

signal as a function of power and current

Source: [52]

In the Incremental Conductance method, the goal is to adjust the duty cycle such that

the derivative of power with respect to voltage approaches zero. The derivative of power

can be expressed as:
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dP

dV
=

d(V I)

dV
= I

dV

dV
+ V

dI

dV
= I + V

dI

dV
(3.65)

By simplifying this expression, we get:

dP

dV
= I + V

(i(t)− i(t− 1))

(v(t)− v(t− 1))
(3.66)

The maximum power point is determined by setting this derivative equal to zero:

dP

dV
= 0 ⇒ I + V

(i(t)− i(t− 1))

(v(t)− v(t− 1))
= 0 ⇒ I = −V

(i(t)− i(t− 1))

(v(t)− v(t− 1))
(3.67)

The variables v(t− 1) and i(t− 1) represent the voltage and current values measured

at the previous time instant. The derivative of power with respect to voltage is positive

when the operating point is to the left of the maximum power point. This indicates that

the power at that instant is less than the maximum power the photovoltaic panel can

generate. Conversely, when the derivative is negative, the operating point is to the right

of the maximum power point. Ideally, the derivative of power with respect to voltage

should be zero, which corresponds to the maximum power point.

To achieve this, current control in the inductor is performed by adjusting the duty

cycle of the switch. If the derivative of power is positive, the MPPT will need to increase

the current in the inductor, which means increasing the duty cycle (i.e., the switch is

closed for a longer period, γ = 1). The control conditions are governed by the following

rules:

dP

dV
> 0 ⇒ I < Imp ⇒ I needs to increase ⇒ γ = 1 (3.68)

dP

dV
< 0 ⇒ I > Imp ⇒ I needs to decrease ⇒ γ = 0 (3.69)

dP

dV
= 0 ⇒ I ≈ Imp ⇒ I remains constant ⇒ γ = γ(t− 1) (3.70)
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The operation of the MPPT can be outlined through the following flowchart:

Figure 3.16: Flowchart illustrating the MPPT algorithm, where the system adjusts the

switch based on the derivative of power with respect to voltage to maximize power output.

3.4 Energy Storage System

For the analysis of the battery system in this dissertation, the Lithium-Ion HE341440

NCA cell from EAS Batteries GmbH was chosen, as the technical specifications of the

Volvo BZL Electric, the bus under study, indicate that the batteries in the system use

NCA (Nickel Cobalt Aluminum) chemistry. This choice was made to approximate the

real-world conditions of the vehicle, as the NCA chemistry is consistent with that used in

the bus’s battery system. However, it is important to note that the HE341440 NCA cell
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is not the exact cell used in the Volvo BZL Electric, but rather a representative model

selected for its similar chemistry. This allows for a more detailed and relevant analysis of

the battery behavior in the context of the electric bus system.

3.4.1 Mathematical Model

In the literature, battery modeling is commonly divided into three primary approaches:

experimental, electrochemical, and electrical circuit-based models. While experimental

and electrochemical models offer valuable insights, they are often not the best choice for

accurately estimating the state-of-charge (SOC) of battery packs. On the other hand,

electrical circuit-based models have proven to be effective in capturing the electrical be-

haviors of batteries. The simplest of these models typically includes an ideal voltage source

connected in series with an internal resistance, providing a straightforward representation

of battery dynamics for practical applications [53].

Figure 3.17: Simple model of a lithium-ion battery

Source: [53]

The voltage source is determined by nonlinear equations based on the actual state of

charge (SOC) of the batteries, where the following applies:
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For the discharge model (i∗ > 0):

f1(it, i
∗, i) = E0 −K

(
Q

Q− it

)
i∗ −K

(
Q

Q− it

)
it+ A−Bit − Bit (3.71)

For the charge model (i∗ < 0):

f2(it, i
∗, i) = E0 −K

(
Q

it+ 0.1 ·Q

)
i∗ −K

(
Q

Q− it

)
it+ A−Bit − Bit (3.72)

The parameters used in the equations are as follows: A represents the exponential

voltage, measured in volts (V); B refers to the exponential capacity, with units of Ampere-

hour inverse (Ah−1); E0 is the constant voltage, also in volts (V); Ebat denotes the non-

linear source voltage, measured in volts (V); i is the battery current, given in amperes

(A); i∗ represents the low-frequency dynamic current, measured in amperes (A); it is the

extracted capacity, measured in Ampere-hours (Ah); K is the polarization constant, mea-

sured in Ampere-hour inverse (Ah−1) or the polarization resistance in ohms (Ω); Q is the

maximum battery capacity, given in Ampere-hours (Ah); and Sel represents the mode of

the battery, where Sel(s) = 0 during discharge and Sel(s) = 1 during charge.

The internal resistance, as depicted in the model (Figure 3.17), represents the re-

sistance along the metallic path within the battery. This includes the cell terminals,

electrodes, and connections, while also considering the resistance of the electrolyte and

separator path. Depending on the type of battery, the parameters of the equivalent circuit

can be adjusted, and this requires a clear understanding of the discharge characteristics.

These characteristics are typically represented by a discharge curve, which can be divided

into three distinct sections, as shown in the figure below:
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Figure 3.18: Typical discharge curve

Source: [54]

The first section of the curve represents the exponential voltage drop that occurs

when the battery is initially charged. The second section describes the battery’s ability

to deliver charge until the voltage reaches its nominal value. The third section shows the

final stage of discharge, characterized by a rapid voltage decline as the battery is drained.

The extent of each section can vary depending on the specific type of battery being used.

It is important to highlight that the model parameters are derived from the discharge

characteristics and are applicable to the charging process as well.

The following tables present the nominal and pack characteristics of the NCA cells

and their configurations used in the battery system under analysis. These characteristics

are essential for understanding the performance and energy capacity of the system. The

calculations for these tables were derived from the specifications of the NCA cell and its

configuration in series and parallel, which are key parameters for determining the overall

voltage, capacity, and energy storage. The values presented here are based on the nominal

parameters of the individual cells, the configuration of the cells within the modules, and

the arrangement of modules within the pack. The data provides a comprehensive overview
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of the battery system’s performance and will serve as the foundation for further analyses.

Table 3.2: Nominal Characteristics of NCA Cell
Parameter Value

Nominal Voltage 3.6 V

Nominal Capacity 10 Ah

Nominal Current 5 A

The 181s14p configuration was chosen to closely match the battery used in the real

Volvo BZL Electric model. This electric bus model features a battery with the following

characteristics, as described in the datasheet for the Volvo BZL (available in the ap-

pendix): the available storage energy (battery capacity) is 94 kWh, the battery chemistry

type is Lithium-ion, NCA, and the voltage is 600V. The available storage energy for 3 to

5 batteries is between 282 kWh and 470 kWh. Based on this information, the 181s14p

configuration (181 cells in series and 14 cells in parallel) was selected to meet the voltage

and energy storage requirements similar to those of the real battery used in the Volvo

BZL Electric model.

Table 3.3: Pack Characteristics of NCA Modules (181s14p)

Parameter Value

Pack Configuration 181s14p (181 cells in series, 14 cells in parallel)

Nominal Voltage 651,60 V

Nominal Capacity 140 Ah

Energy Storage 91,22 kWh

Total Number of Cells 2534 cells

This configuration was chosen to provide a nominal voltage of 651.60 V, which aligns

with the operational needs of large electric vehicles like the Volvo BZL. The nominal

capacity of 140 Ah and the stored energy of 91.22 kWh are also suitable for simulating a

performance compatible with the battery specifications of the Volvo BZL.
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A key advantage of the chosen mathematical model is the simplicity with which dy-

namic parameters can be extracted and calculated directly from the discharge curve pro-

vided by the manufacturer, eliminating the need for additional experimental testing on

the battery. Only three fixed points on the steady-state discharge curve are required to

configure the model, allowing the calculation of parameters such as fully charged voltage

Vfull, the exponential zone limits Vexp and Qexp, nominal voltage Vnom, nominal capacity

Qnom, and total capacity Q. These parameters, extracted from the EAS Batteries dis-

charge curve for the selected cell, are identified according to the x and y axes and are

illustrated in Figure 3.19, in alignment with Lopes (2016) [53].

Figure 3.19: Characteristic discharge curve of the selected battery, manufactured by EAS

Batteries

Source: [55]

To determine the parameters of the model for the selected battery, values were ex-

tracted from the discharge curve provided by EAS Batteries. These extracted values are

presented in Table 3.4 [53].
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Table 3.4: Battery Discharge Curve Parameters

Parameter Value

Vfull 4.2 V

Vexp 3.9 V

Qexp 2 Ah

Vnom 3.6 V

Qnom 10 Ah

Q 10.8 Ah

First, the amplitude of the exponential zone, A, can be calculated as follows:

A = Vfull − Vexp (3.73)

Next, the exponential capacity, B, is calculated with:

B =
3

Qexp
(3.74)

The polarization voltage, K, is derived from Vfull, Vnom, and Qnom:

K =
Vfull − Vexp + A(e−BQnom − 1)(Q−Qnom)

Qnom
(3.75)

The nominal current, Inom, for which the discharge curve was measured, is approxi-

mately 43.5% of the nominal capacity:

Inom = Q× 0.435 (3.76)

The internal resistance, R, is estimated at 1% of the nominal power:

Pnom = Vnom ×Qnom (3.77)
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R = 0.01× V 2
nom

Pnom
(3.78)

Lastly, the constant voltage of the battery, E0, is calculated as:

E0 = Vfull +K +R · Inom − A (3.79)

The parameters calculated provide an approximate model, with accuracy dependent

on the precision of the values obtained from the discharge curve.

Given the configuration of cells in series and parallel, the calculated parameters need

to be adjusted for the full battery pack, the global parameters for the battery rack are

obtained as follows:

Vnom_pack = Nser × Vnom (3.80)

For internal resistance R, considering that there are Npar cells in parallel:

Rpack = R× Nser

Npar
(3.81)

The nominal current Inom_pack, scaled for the parallel configuration, is:

Inom_pack = Npar × Inom (3.82)

The constant voltage E0_pack, for the entire series configuration:

E0_pack = Nser × E0 (3.83)

These values provide the necessary parameters for modeling the battery pack’s perfor-

mance. Table 3.3 summarizes the global characteristics, confirming the power and energy

storage capacities of the battery pack.
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3.4.2 Limitations and Assumptions

The mathematical model presented is valid under specific conditions and assumptions,

which are outlined as follows [54]:

Limitations

• The minimum no-load battery voltage is set to 0 V, and the maximum battery volt-

age is limited to 2 × E0. This ensures the voltage stays within realistic operational

bounds.

• The minimum capacity of the battery is 0 Ah, and the maximum capacity is Qmax.

As a result, the maximum State of Charge (SOC) cannot exceed 100% if the battery

is overcharged, reflecting the practical limits of battery operation.

Assumptions

• The internal resistance of the battery is assumed to be constant during both charge

and discharge cycles, and does not vary with the amplitude of the current. This

simplification ensures that the model remains manageable while avoiding the com-

plexity of variable resistance.

• The model parameters are derived from the discharge characteristics provided by

the manufacturer. It is assumed that these parameters are applicable during both

charging and discharging, simplifying the analysis by treating both processes as

equivalent.

• The battery’s capacity is assumed to remain constant regardless of the amplitude

of the current, implying no Peukert effect. In this model, the capacity does not

decrease with higher discharge rates, which is a typical assumption for ideal battery

models.

• The self-discharge of the battery is not represented in the model. This effect can
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be modeled separately by adding a large resistance in parallel with the battery

terminals, but is neglected for simplicity in this context.

• The battery is assumed to have no memory effect, meaning that its capacity does

not degrade based on previous charge/discharge cycles. This assumption holds for

modern lithium-ion batteries, which do not exhibit significant memory effects.

These assumptions and limitations are made to simplify the model and provide a

more tractable approach for simulating the battery’s performance. However, they may

not fully capture the complexities of real-world battery behavior, and deviations from

these idealized conditions should be considered in practical applications.



Chapter 4

Development

This chapter presents the development process of the photovoltaic system, covering the

design and simulation of its main components. The study includes the sizing and analysis

of the photovoltaic module, the design and implementation of power converters, and the

selection of the battery pack.

Initially, the characteristics and mathematical modeling of the photovoltaic module are

discussed, followed by the simulation of its current-voltage (I-V) and power-voltage (P-V)

curves under standard test conditions. Subsequently, the design of DC-DC converters is

introduced, focusing on both boost and quadratic converter topologies, with calculations

for key electrical parameters. Finally, the characteristics of the selected battery pack are

presented, including essential parameters for energy storage and system efficiency.

To complement the development process, the MATLAB code used for simulations and

calculations is provided in the appendix B. This ensures transparency and reproducibility

of the results obtained throughout the study.

79



80 CHAPTER 4. DEVELOPMENT

4.1 Photovoltaic Module

4.1.1 Module Design

The sizing of the photovoltaic module utilized in this study is presented herein. Building

upon the previously established theoretical model, the calculations necessary to determine

the relevant quantities and parameters associated with the module’s performance will be

conducted. For the purpose of these calculations, a solar irradiance (G) of 1000W/m2 and

an ambient temperature (θamb) of 25 ◦C will be considered. These values are essential for

ensuring the accuracy of the results and the appropriateness of the analyses performed.

Subsequently, the calculation spreadsheet detailing the sizing process and the results

obtained will be presented.

Table 4.1: Calculated Parameters for the HG-L530-72CW Panel
Parameter Equation Value

G — 1000 W/m²

Gref — 1000 W/m²

Tref 3.8;3.9 298.15 K

TFV 3.8 304.40 K

VT 3.3 0.026 V

VTref 3.4 0.0257 V

m 3.12 123.56

m′ 3.13 5.15

Ior 3.10 2.039× 10−6 A

Io 3.14 2.169× 10−6 A

Rsh 3.19 45.84 Ω

Rs 3.20 0.98 Ω

Isc 3.15 13.76 A

Iph 3.16 14.05 A
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4.1.2 Simulation of Photovoltaic Panel Characteristics (I-V and

P-V Curves)

The following simulation illustrates the characteristic current-voltage (I-V) and power-

voltage (P-V) curves of a photovoltaic panel, generated using MATLAB. The simulation

provides insights into the panel’s performance under standard test conditions, with irra-

diance G = Gref = 1000W/m2 and temperature T = Tref = 25◦C.

The plots of the I-V and P-V curves were generated based on the panel’s physical

parameters and standard environmental conditions. These plots illustrate the expected

performance of the panel by considering factors such as temperature and irradiance, which

influence its voltage and current characteristics.

Figure 4.1: Simulation of Photovoltaic Panel (I-V and P-V Curves)
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4.2 Converters

4.2.1 Boost converter Design

In this section, we present the results from the design calculations for the boost converter.

These results reflect the key parameters necessary for the converter’s effective operation,

derived from the specified input and output requirements. The calculations encompass

essential elements such as input voltage, output voltage, duty cycle, and other related

electrical characteristics. By analyzing these parameters, we can ensure that the converter

will perform efficiently under the desired operational conditions, ultimately achieving the

targeted performance goals.

Table 4.2: Results of the Boost Converter Sizing

Parameter Equation Value

Vin — 41.35 V

Vout — 700 V

δ 3.26 0.9409

Iin — 12.83 A

Iout 3.28 0.76 A

RL 3.29 923.62 Ω

L 3.33 38.9 mH

C 3.37 0.7 mF

4.2.2 Quadratic converter Design

The design of the quadratic converter involves selecting key components based on volt-

age, current, and efficiency requirements. The following table summarizes the calculated

values for the primary parameters, including the input voltage (U), output voltage (Vo),

inductances (L1 and L2), and capacitances (Co and C1), which are essential for achieving

optimal converter performance and stability.
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The inductive elements were calculated assuming a switching frequency (fs) of 10

kHz, leading to a switching period (Ts) of 0.1 ms and a current ripple (∆iLin
) of 0.1 A.

Similarly, for the capacitive elements, the same switching frequency was used, resulting

in a period of 0.1 ms and a voltage ripple (∆vout) of 0.1 V.

Table 4.3: Results of the Quadratic Converter Sizing

Parameter Equation Value

U — 41.35 V

Vo — 700 V

δ 3.45 0.757

I — 12.83 A

Io 3.46 0.758 A

Ro 3.47 923.62 Ω

L1 3.50 31.3 mH

L2 3.50 128.78 mH

Co 3.54 0.573 mF

C1 3.59 0.139 mF

4.3 Battery Used in the Study

The table presented below summarizes the calculated parameters for the selected battery

pack. These values were derived from the discharge curve and the configuration of the

battery cells. The parameters include key characteristics such as nominal voltage, inter-

nal resistance, nominal current, and constant voltage, both for individual cells and the

complete pack. The table serves to provide a comprehensive overview of the battery’s

performance characteristics, essential for modeling its behavior and assessing its overall

efficiency and energy storage capacity.
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Table 4.4: Calculation of Parameters for the Battery Pack

Cell Parameters

Parameter Equation Number Calculated Value

A 3.73 0.3 V

B 3.74 1.5 Ah−1

K 3.75 0.0060 V

Inom 3.76 4.70 A

R 3.78 0.0036 Ω

E0 3.79 3.92 V

Pack Parameters

Vnom_pack 3.80 651.60 V

Rpack 3.81 0.046 Ω

Inom_pack 3.82 65.77 A

E0_pack 3.83 710.05 V



Chapter 5

Tests and Results

This chapter presents and analyzes the results of simulations conducted to evaluate the

performance of Boost and Quadratic converters in photovoltaic systems, employing var-

ious Maximum Power Point Tracking (MPPT) techniques. The comparative analysis

considers four MPPT methods: incremental conductance, perturb and observe, constant

voltage, and duty cycle control, with the latter serving as the baseline to assess the worst-

case performance scenario.

To ensure practical applicability, the system design and simulation parameters were

tailored to the operational constraints of an electric bus, specifically the Volvo BZL Elec-

tric. This included configuring the photovoltaic system to maximize energy capture within

the limited rooftop area, using an arrangement of 11 modules connected in series to achieve

a nominal voltage of approximately 454.85 V. The system was paired with a 600 V battery,

aligning with the specifications needed for high-efficiency electric bus operations.

The environmental performance of the system was evaluated using irradiance and

temperature profiles sourced from PVGIS for Curitiba, Brazil. Two representative peri-

ods were chosen: June, which marks the lowest solar incidence, and December, the peak

of solar availability. This seasonal contrast provided valuable insights into the opera-

tional reliability and energy generation capabilities of the photovoltaic array, enabling a

comprehensive assessment of the system under realistic conditions.

Initial tests were performed with a single photovoltaic module under Standard Test
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Conditions (STC) to benchmark the system. Subsequently, the complete system, includ-

ing the 600 V battery and the rooftop module configuration, was analyzed to evaluate

the interplay between different converters and MPPT techniques. Key metrics examined

include the state of charge (SOC) of the battery, system efficiency, and the time required

to initiate and complete the charging process.

These simulations aim to identify the optimal combination of converters and MPPT

techniques to ensure maximum efficiency, stability, and effective charging of high-voltage

batteries. By tailoring the setup to realistic conditions and the operational needs of

the Volvo BZL Electric, this study provides actionable insights into the feasibility and

performance of integrating photovoltaic systems into electric bus operations.

5.1 Photovoltaic Module Analysis

The presented graph highlights the electrical behavior of the photovoltaic module under

standard test conditions (STC) with constant irradiance and temperature. It shows the

voltage (V), current (A), and power (W) output characteristics of the module during the

initial simulation phase.

This analysis is crucial as it establishes the baseline performance of the photovoltaic

module. The voltage plot confirms the stability of the module’s output voltage over time,

while the current and power graphs illustrate the module’s ability to supply energy effi-

ciently. The power curve, in particular, reflects the module’s capacity to deliver consistent

power, which is fundamental for ensuring reliable energy input to the subsequent stages

of the system, such as the MPPT and DC-DC converter circuits.
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Figure 5.1: Simulation of Photovoltaic module

By interpreting these parameters, we can verify the operational stability of the pho-

tovoltaic module and identify the expected input conditions for further system analyses,

ensuring compatibility with the converters and MPPT algorithms employed in the study.

5.2 Comparative Analysis of MPPT Techniques with

DC-DC Converters

To evaluate the effectiveness of different Maximum Power Point Tracking (MPPT) tech-

niques, simulations were conducted for both the boost and quadratic DC-DC converters.

The goal was to compare the power extracted from a photovoltaic (PV) module under

Standard Test Conditions (STC), focusing on stability, response time, and efficiency.

The MPPT methods analyzed were Incremental Conductance (IC), Perturb and Observe

(P&O), Constant Voltage (Vcte), and Fixed Duty Cycle (D).

The diagram illustrates the implementation of a Boost Converter in Simulink, used
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to evaluate the performance of different Maximum Power Point Tracking (MPPT) tech-

niques. The boost converter increases the voltage from the photovoltaic (PV) module to

match the system requirements, ensuring efficient energy transfer to the load. The de-

sign includes essential components such as inductors, capacitors, diodes, and a switching

mechanism, which work together to regulate the output voltage according to the MPPT

algorithm in use.

Figure 5.2: Schematic implemented in Simulink for the Boost Converter

The diagram depicts the implementation of a Quadratic Converter in Simulink. This

converter topology further steps up the voltage from the PV module. The quadratic

converter employs two stages of voltage conversion, involving additional components and

control complexity. This configuration is particularly beneficial in scenarios where sub-

stantial voltage boosting is required, and its performance was analyzed under the same

MPPT techniques for comparison with the boost converter.
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Figure 5.3: Schematic implemented in Simulink for the Quadratic Converter

The output of the simulations was analyzed in terms of the power extracted from the

PV module and delivered to the load. This performance is visually represented in the

comparison graphs presented in Figures 5.2 and 5.3.

Figure 5.4: MPPT Analysis for boost converter

As depicted in these figures, the graphs highlight the ability of the MPPT techniques to

maintain the PV module’s operating point near the Maximum Power Point (MPP). Figure
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5.4 illustrates the results for the boost converter, while Figure 5.5 shows the corresponding

analysis for the quadratic converter.

Figure 5.5: MPPT Analysis for quadratic converter

Incremental Conductance (IC)

Boost Converter: Demonstrated high stability with minimal oscillations. The power out-

put quickly settled near the MPP, reflecting the method’s precision. Quadratic Converter:

Achieved similar results, though slightly more oscillatory. Its ability to reach the target

voltage relied on careful load tuning, highlighting its sensitivity to system parameters.

Perturb and Observe (P&O)

Boost Converter: Performed well but exhibited slightly larger oscillations around the MPP

compared to IC. The method’s iterative nature caused marginal instability. Quadratic

Converter: Similar behavior to the boost converter but required a longer stabilization

period, especially at higher output voltages.
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Constant Voltage (Vcte)

Boost Converter: Achieved satisfactory results with a straightforward implementation.

However, the power extraction efficiency was slightly lower than IC and P&O due to a

lack of dynamic adjustment. Quadratic Converter: The method struggled to fine-tune to

the exact MPP, showing a slight performance gap compared to adaptive techniques.

Fixed Duty Cycle (D)

Boost Converter: While simple to implement, this method showed the lowest efficiency

due to its inability to adapt to varying environmental conditions. Quadratic Converter:

Similarly, the fixed duty cycle resulted in suboptimal performance, reflecting the limita-

tions of static control strategies.

The IC method emerged as the most robust technique for both converters, offering

precise MPP tracking and rapid stabilization. The quadratic converter demonstrated

potential for higher output voltages but required careful parameter tuning, particularly

with P&O and Vcte methods. Overall, while the boost converter provided more consis-

tent performance, the quadratic converter’s ability to achieve higher voltages could be

advantageous in specific applications.

5.3 Evaluation of Converter Efficiency for Single and

Panel Configurations

The analysis of the tables demonstrates clear trends in the efficiency of both the Boost

and Quadratic converters when applied to a single module (41.35V, 530W) and an array

of 11 modules in series (454.85V, 5830W), which aligns with the system design constraints

of an electric bus.
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Table 5.1: Efficiency Results for 1 Module with Boost and Quadratic Converters (With

Calculated Resistance)
MPPT Method Boost Converter Efficiency Quadratic Converter Efficiency

Incremental Conductance 0.8735 0.6073

Perturb and Observe 0.8796 0.6040

Constant Voltage 0.8769 0.6038

Duty Cycle 0.8738 0.5924

The Boost converter achieves higher efficiencies (above 87%) compared to the Quadratic

converter (around 60%) for the single module scenario. The lower efficiency of the

Quadratic converter at this power level is consistent with findings in the literature that

suggest it performs less effectively at lower power outputs. This highlights that the

Quadratic converter may not be the ideal choice for single-module implementations.

Table 5.2: Efficiency Results for the Panel with Boost and Quadratic Converters (With

Calculated Resistance)
MPPT Method Boost Converter Efficiency Quadratic Converter Efficiency

Incremental Conductance 0.9794 0.9647

Perturb and Observe 0.9630 0.9632

Constant Voltage 0.9670 0.9552

Duty Cycle 0.9628 0.9541

For the Boost converter, the efficiency improves to nearly 97%, demonstrating robust

performance at higher power levels. The Quadratic converter shows a dramatic improve-

ment in efficiency for the panel configuration, reaching values above 95%. This significant

increase underscores the advantage of the Quadratic converter at higher power levels, as

supported by the literature, which suggests that its topology and design are better suited

for higher power densities and outputs.

The 11-module panel configuration is a direct result of the spatial constraints imposed

by the electric bus. With a maximum of 11 modules, the system achieves a nominal
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voltage of 454.85V, suitable for efficient energy storage and delivery in electric bus systems.

The significant efficiency gains of the Quadratic converter at panel-level power outputs

(5830W) validate its application in such scenarios. Despite its lower performance for single

modules, the Quadratic converter becomes competitive with the Boost converter at higher

power levels, offering a viable alternative depending on specific system requirements.

5.4 State of Charge Dynamics: MPPT Methods and

Converter Analysis

The following discussion provide a detailed discussion of the results, supported by graphs

that show the SoC behavior for each MPPT strategy, highlighting their specific features

and the efficiency of the converters in this application context.

The primary goal of this analysis was to examine the battery’s State of Charge (SoC)

over time, which is a critical metric for determining how effectively the energy generated

by the photovoltaic module is transferred to the battery.

Four MPPT techniques were considered: Incremental Conductance (IC), Perturb and

Observe (P&O), Constant Voltage (Vcte), and Duty Cycle (D). These methods were

selected for their relevance and widespread usage in renewable energy systems. The aim

was to identify variations in performance and analyze how each strategy influences the

charging process, particularly in light of the different topological characteristics of the

converters.

The simulation results revealed notable differences in the battery’s State of Charge

(SoC) depending on the MPPT strategy and converter topology employed.
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Figure 5.6: SOC for differente MPPTs approach - Boost Converter

For the Boost Converter:

The Incremental Conductance (IC) and Perturb and Observe (P&O) methods exhibited

similar trends, with a steady increase in SoC over time. This indicates efficient energy

harvesting and proper functioning of the MPPT algorithms. The Constant Voltage (Vcte)

method also showed a consistent rise in SoC, although its rate of increase was slightly

lower compared to IC and P&O, suggesting a more conservative but stable energy transfer

approach. The Duty Cycle (D) method demonstrated almost no significant variation in

SoC over time, reflecting poor energy transfer efficiency and inadequate performance in

this configuration.
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Figure 5.7: SOC for differente MPPTs approach - Quadratic Converter

For the Quadratic Converter:

The Incremental Conductance (IC) and Perturb and Observe (P&O) methods again

achieved similar results, with a steady and consistent increase in SoC. This demonstrates

that these techniques are effective irrespective of the converter topology. The Constant

Voltage (Vcte) method displayed negligible variations in SoC, with performance slightly

inferior to that observed in the boost converter. This suggests reduced efficiency in en-

ergy transfer with the quadratic topology. The Duty Cycle (D) method showed a slight

decrease in SoC over time, indicating substantial inefficiencies in energy harvesting and

utilization under this configuration.

These findings underline the significance of selecting the appropriate MPPT strategy

based on system requirements and converter topology. The choice of strategy has a direct

impact on energy transfer efficiency and the overall performance of the battery.
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5.5 System Validation: Photovoltaic Performance Un-

der Seasonal Variations

The choice of the Boost converter combined with the incremental conductance (IC)

method for further analysis under variable irradiation and temperature conditions is sup-

ported by several key factors derived from the earlier findings and system constraints.

Superior Efficiency Across Power Levels:

The Boost converter demonstrated consistently high efficiency in both single-module

(87.35%) and panel (97.94%) configurations. This superior performance aligns well with

the requirements of maintaining high energy conversion efficiency, which is crucial for an

electric bus application where energy optimization directly impacts operational range and

reliability.

Robustness of Incremental Conductance (IC) Method:

Among the MPPT (Maximum Power Point Tracking) techniques analyzed, the incre-

mental conductance method outperformed others, achieving the highest efficiency in all

scenarios. The IC method’s ability to dynamically and accurately track the maximum

power point under variable environmental conditions makes it a reliable choice for real-

world applications involving fluctuating irradiation and temperature.

Alignment with System Constraints:

The 11-module panel configuration, determined by the space available on the electric

bus, results in a nominal voltage of 454.85V. The Boost converter’s capability to step up

voltage efficiently makes it a natural fit for this design, ensuring compatibility with the

battery charging requirements and the operational constraints of the bus.
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Practical Feasibility and Reliability:

The Boost converter’s simpler topology and lower component count compared to the

Quadratic converter make it a more practical choice for large-scale implementation. Its

proven reliability and performance stability under diverse operating conditions add to its

appeal for long-term deployment.

The combination of the Boost converter and the incremental conductance method

offers a balanced solution, maximizing efficiency while ensuring robustness and adapt-

ability under variable irradiation and temperature conditions. This choice is aligned with

the system’s design constraints and operational requirements, making it ideal for further

exploration and implementation in the electric bus application.

To further analyze the behavior of the photovoltaic system under realistic operating

conditions, simulations were conducted considering the variable irradiance and temper-

ature profiles from Curitiba. These profiles represent June, the month with the lowest

solar incidence, and December, the month with the highest solar incidence, as shown in

Figure.

Figure 5.8: Irradiation and Temperature Patterns in Curitiba: Comparison Between the

Month of Lowest and Highest Solar Incidence

The chosen combination of the Boost converter and Incremental Conductance (IC)

MPPT method was applied to study the system’s performance across these contrasting

scenarios. This approach provides a detailed understanding of how seasonal variations
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influence energy generation, efficiency, and battery charging dynamics, ensuring the ro-

bustness of the proposed solution for electric bus applications.

The analysis of Figure below shows the data for the photovoltaic (PV) panel under

irradiation and temperature conditions during June in Curitiba. The figure highlights the

voltage, current, and power output of the panel over time.

Figure 5.9: Photovoltaic Panel Data for Irradiation and Temperature Conditions During

June in Curitiba

This pattern of data is typical for regions with clear skies and moderate temperatures,

such as Curitiba in June, when solar irradiance is lower than in summer months but

still sufficient to generate power. The trends observed in this figure provide insight into

how the photovoltaic panel performs under real-world conditions, reflecting the seasonal

variations in solar energy availability. This data is valuable for understanding the energy

potential from solar panels and how different factors like temperature and irradiance levels

affect their efficiency.

In summary, Figure 5.9 provides a detailed visual of the photovoltaic panel’s perfor-

mance during the month of June in Curitiba, demonstrating the inherent fluctuations in

power generation due to environmental factors. This data can serve as a foundation for
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further analysis, especially when integrating the panel with other components such as

converters and MPPT systems, as shown in subsequent figures.

Figure 5.10 provides a detailed analysis of the Boost Converter Output Data integrated

with the photovoltaic panel under irradiation and temperature conditions during June in

Curitiba. This figure illustrates how the converter responds to the fluctuations in voltage,

current, and power from the solar panel data previously shown in Figure 5.9.

Figure 5.10: Boost Converter Output Data Integrated with the Panel Under Irradiation

and Temperature Conditions during June in Curitiba

In essence, Figure 5.10 illustrates the critical role of the boost converter in optimizing

energy conversion. By stepping up the voltage and maintaining efficient current flow, the

converter ensures that the power output remains more stable and suitable for battery

charging, even during periods of variable solar irradiance and temperature. This is par-

ticularly important in real-world applications like electric bus charging, where a reliable

and efficient power supply is necessary to ensure the vehicle’s operational viability.

This figure also highlights how the boost converter helps mitigate power losses that

occur due to environmental factors, making it an ideal component in photovoltaic systems

that need to operate effectively under varying weather conditions, as is the case in Curitiba
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during June. The converter maximizes the usable energy from the solar panel, ensuring

the system’s reliability and performance.

For the data presented in Figures 5.11 and 5.12, which represent the photovoltaic

panel and Boost converter outputs under the irradiance and temperature conditions of

December in Curitiba, we observe several key trends.

Figure 5.11: Photovoltaic Panel Data for Irradiation and Temperature Conditions During

December in Curitiba

During December, the panel shows significantly higher power output compared to

June, reflecting the increase in solar irradiance typical of summer months in Curitiba. As

seen in the voltage and current graphs, the panel operates at higher voltages and currents,

corresponding to the peak power generation in December. The power graph follows this

pattern, peaking around midday and gradually decreasing as the sun moves across the

sky.
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Figure 5.12: Boost Converter Output Data Integrated with the Panel Under Irradiation

and Temperature Conditions during December in Curitiba

In line with the panel’s increased performance in December, the Boost converter output

also shows an improvement in voltage, current, and power compared to June. The higher

power generation from the panel is efficiently captured by the Boost converter, which

adjusts its output to ensure stable and optimal voltage levels suitable for the electric

bus’s battery system. The converter operates efficiently with higher power, ensuring the

system remains robust under the more favorable environmental conditions of December.

This combination of higher solar irradiance and the Boost converter’s effectiveness

demonstrates the improved system performance during periods of higher sunlight, with

clear implications for the overall energy efficiency of the electric bus in real-world condi-

tions.

Figure 5.13: State of Charge (SOC) Behavior during June
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Figure 5.14: State of Charge (SOC) Behavior during december

In conclusion, this chapter explored the performance of Boost and Quadratic convert-

ers in a photovoltaic system designed for integration with an electric bus, analyzing the

effectiveness of different Maximum Power Point Tracking (MPPT) methods under varying

environmental conditions. The combination of the Boost converter and the Incremental

Conductance (IC) MPPT method demonstrated superior efficiency in both single-module

and array configurations. This solution offered a balanced approach, ensuring robust

performance while optimizing power extraction across fluctuating solar irradiance and

temperature profiles.

Ultimately, the combination of the Boost converter with the ICMPPTmethod presents

a promising approach for photovoltaic systems in electric vehicles, contributing to the

growing body of knowledge on sustainable energy solutions for transportation. Future

research could explore additional environmental scenarios and alternative converter tech-

nologies to further optimize the system’s performance and adaptability across a wider

range of conditions.
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Conclusion and Future Work

This work presented a comprehensive analysis of the performance of different Maximum

Power Point Tracking (MPPT) techniques applied to Boost and Quadratic converters in

a photovoltaic system designed for integration into electric buses. Through detailed simu-

lations, the study evaluated energy efficiency, stability, and response under real operating

conditions, including variations in solar irradiance and temperature.

The findings of this research demonstrated that the combination of the Boost converter

with the Incremental Conductance (IC) method is the most suitable configuration for

the proposed system. This setup exhibited superior performance in terms of efficiency,

achieving 87.35% for a single module and 97.94% for an 11-module array. These results

validate its application in larger-scale systems, making it an optimal choice for scenarios

requiring robust energy conversion and stability.

The system was further tested under the climatic conditions of Curitiba, focusing on

two distinct scenarios: June, representing the month with the lowest solar incidence, and

December, characterized by the highest solar incidence. These tests confirmed the robust-

ness of the Boost converter and the IC method, even under low irradiance conditions. The

configuration consistently delivered efficient energy transfer to the battery, maintaining

a desirable State of Charge (SoC) behavior across the analyzed periods.

The comparison of MPPT techniques highlighted the Incremental Conductance method

as the most effective due to its adaptability and precision, particularly in environments

103
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with fluctuating solar conditions. Other methods, such as Perturb and Observe (P&O)

and Constant Voltage (Vcte), displayed slightly lower efficiency, while the fixed Duty

Cycle approach proved inadequate for dynamic applications.

The proposed solution aligns with the design constraints of an electric bus, meeting

spatial limitations, voltage requirements, and energy demands. Its implementation offers

a viable and sustainable alternative, contributing to the advancement of renewable energy

integration in transportation.

While the results of this study are promising, some limitations were identified that

provide opportunities for future research. The integration of the proposed system with

advanced battery technologies, such as solid-state or lithium-sulfur batteries, could be

explored to assess their influence on overall performance. Additionally, scaling the system

to larger configurations with more photovoltaic modules or buses of varying dimensions

would provide further insights into its scalability.

Future studies could also focus on experimental validation of the system under real-

world conditions, enabling a direct comparison between simulated results and field data.

Extending the analysis to include global climate models would allow for the evaluation of

system performance in regions with more extreme irradiance and temperature patterns.

Moreover, the exploration of innovative MPPT algorithms, particularly those leveraging

artificial intelligence techniques such as neural networks or machine learning, could further

enhance the system’s efficiency and adaptability.

In conclusion, the results of this research underscore the feasibility and efficiency of

using Boost converters in conjunction with the Incremental Conductance MPPT method

for photovoltaic systems in electric buses. The proposed solution not only optimizes en-

ergy conversion but also demonstrates a high degree of adaptability to variable climatic

conditions, fulfilling the requirements of a sector increasingly reliant on sustainable and

innovative solutions. By combining technical rigor with practical relevance, this study

contributes to the advancement of renewable energy technologies in transportation, offer-

ing a promising pathway toward reducing dependence on fossil fuels and fostering a more

sustainable future.
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Table A.1: Values of average annual irradiation and estimated productivity on an inclined
plane at latitude, with a performance rate of 75%, found in Paraná and European countries
[11]
Paraná / European Country Irradiation (kWh/m².year) Productivity (kWh/kWp.year) Percentage Difference (%)
Paraná 1,789 1,342 —
Cyprus 2,217 1,663 -19.31
Malta 2,155 1,617 -17.00
Portugal 1,996 1,497 -10.38
Spain 1,948 1,461 -8.14
Greece 1,897 1,423 -5.68
Turkey 1,873 1,405 -4.47
Italy 1,750 1,313 2.22
Macedonia 1,696 1,272 5.47
Bulgaria 1,631 1,223 9.71
Croatia 1,570 1,178 13.93
Montenegro 1,563 1,172 14.54
Serbia 1,531 1,148 16.83
France 1,513 1,135 18.25
Romania 1,496 1,122 19.60
Hungary 1,490 1,117 20.10
Slovenia 1,444 1,083 23.90
Slovakia 1,333 1,000 34.17
Austria 1,325 994 35.00
Czech Republic 1,256 944 42.44
Poland 1,252 939 42.85
Germany 1,251 938 43.00
Luxembourg 1,243 932 43.94
Netherlands 1,242 931 44.06
Belgium 1,238 928 44.54
Denmark 1,211 908 47.73
Lithuania 1,183 887 50.52
Latvia 1,175 881 51.22
Ireland 1,174 880 51.34
United Kingdom 1,153 865 55.11
Estonia 1,151 864 55.36
Sweden 1,084 813 61.43
Finland 1,054 790 69.81
Iceland 949 712 88.43

Source: Adapted from [11]
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Appendix 1 - Matlab Code
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Appendix 2 - Catalog of photovoltaic panels under study
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Appendix 3 – Battery Catalog Under Study
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Appendix 4 – Volvo BZL Electric Catalog
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Appendix 5 – AZURE PADRON Low Floor CityBus Higer Catalog
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Appendix 6 – BYD D9W 20.410 Catalog
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Appendix 7 – Mercedes-Benz eO500 U 2134/59 Catalog
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