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Resumo

Os Sistemas de Energia Edlica Aerotransportada (AWES) estdo a emergir como solu¢des inovado-
ras para o aproveitamento da energia e6lica em ambientes onde as turbinas edlicas tradicionais sdo
menos eficazes. Esta dissertacdo explora a integragdo de um conversor bidirecional que liga o
barramento CC de um AWES a uma rede eléctrica monofésica no ambito do projeto UPWIND. O
objetivo principal é aumentar a eficiéncia da conversao de energia, assegurar uma sincroniza¢io
continua da rede e manter a estabilidade do sistema.

O estudo comecga por introduzir o AWES e detalhar os principios fundamentais dos conver-
sores bidireccionais. E desenvolvida uma estratégia de controlo para enfrentar os desafios coloca-
dos pela corrente, proveniente do conversor CC/CA que liga o motor/gerador ao barramento CC,
em que a amplitude pode variar significativamente. A investigag¢do centra-se na conce¢do de um
sistema de controlo que garanta uma regulagdo precisa da tensao.

Sao realizadas simulac¢des exaustivas para validar a eficdcia da estratégia de controlo proposta.
Estas simula¢des demonstram a capacidade do sistema para manter um funcionamento estdvel em
condicdes varidveis, apresentando o desempenho do conversor tanto em cendrios normais como
em cendrios desafiantes.

Os resultados desta dissertagdo oferecem perspectivas significativas e solugdes praticas para
o projeto UPWIND, facilitando a integracio eficiente e sustentdvel de AWES em redes eléctricas
monofésicas. A estratégia de controlo desenvolvida e os dados de desempenho validados con-
tribuem para o avanco da implementacdo de AWES, promovendo a utiliza¢do de fontes de energia
renovaveis em aplicacdes ligadas a rede.

Palavras-Chave: Sistemas Aéreos de Energia Edlica , rede monofdsica, conversor bidirecional
CC-CA, energias renovdveis, projecto UPWIND.
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Abstract

Airborne Wind Energy Systems (AWES) are emerging as innovative solutions for harnessing wind
energy in environments where traditional wind turbines are less effective. This dissertation ex-
plores the integration of a bidirectional converter that connects the DC bus of an AWES to a
single-phase power grid within the framework of the UPWIND project. The primary aim is to
enhance energy conversion efficiency, ensure seamless grid synchronization, and maintain system
stability.

The study begins by introducing AWES and detailing the fundamental principles of bidirec-
tional converters. A control strategy is developed to address the challenges posed by the current,
coming from the DC/AC converter connecting the motor/generator with the DC bus, in which
the amplitude can vary significantly. The research focuses on designing a control system that
guarantees a precise voltage regulation.

Extensive simulations are conducted to validate the effectiveness of the proposed control strat-
egy. These simulations demonstrate the system’s ability to maintain stable operation under varying
conditions, showcasing the converter’s performance in both normal and challenging scenarios.

The findings of this dissertation offer significant insights and practical solutions for the UP-
WIND project, facilitating the efficient and sustainable integration of AWES into single-phase
power grids. The developed control strategy and validated performance data contribute to advanc-
ing the deployment of AWES, promoting the use of renewable energy sources in grid-connected
applications.

Keywords: Airborne Wind Energy Systems, single-phase grid, bidirectional converter, renew-
able energy, UPWIND project.
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Sustainable Development Goals for the
United Nations

Adopted unanimously in 2015 by all UN Member States, the 2030 Agenda for Sustainable Devel-
opment (2030 Agenda) with its 17 Sustainable Development Goals (SDGs), 169 targets, and 231
unique indicators shapes the direction of global and national development policies, and offers new
entry points and opportunities for bridging the divide between human rights and development. It
serves as the overall framework to guide global and national development action [1]. They recog-
nise that ending poverty and other deprivations must go hand-in-hand with strategies that improve
health and education, reduce inequality, and spur economic growth — all while tackling climate
change and working to preserve our oceans and forests [2].
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SDG

Goal

Contribution

Performance Indicators and Metrics

Promotion of the use of
Airborne Wind Energy Systems (AWES)
which harness wind energy at higher altitudes,

making renewable energy more efficient and reliable.

Energy Efficiency:
Efficiency of energy conversion (%)
and Renewable Energy Share:
Percentage of the total energy supplied by AWES.

Enhances energy access by integrating
renewable sources into the grid, potentially
lowering costs and increasing reliability.

Grid Stability:
Incidence of grid fluctuations or outages attributed to AWES
and Cost Reduction:
Reduction in energy cost per kWh due to AWES.

Enhance infrastructure resilience
by integrating innovative AWES
with existing power grids.

Integration Success Rate:
Percentage of successful integrations of AWES with existing power grids,
Deployment Time:
Average time required to deploy AWES technology in new locations,
Infrastructure Resilience:
Metrics on the ability of the infrastructure to withstand adverse conditions
(e.g., uptime percentage during extreme weather),
Grid Stability Improvement:
Reduction in power outages and fluctuations due to AWES integration,
Maintenance Costs:
Annual costs associated with maintaining AWES infrastructure
and User Satisfaction:
Satisfaction scores from utility companies and consumers.

Promote industrial growth by developing
a robust supply chain and local manufacturing
capabilities for AWES components.

Local Manufacturing Share:
Percentage of AWES components manufactured locally,
Employment Impact:
Number of jobs created in the local supply chain,
Supply Chain Efficiency:
Metrics on the time and cost efficiency of the local supply chain,
Economic Contribution:
Increase in local GDP due to AWES-related industrial activities,
Skill Development Programs:
Number of training programs conducted for the local workforce
and Community Feedback:
Feedback from local stakeholders on the economic impact.

Provide clean and reliable energy solutions
to urban areas through AWES deployment.

Urban Energy Supply Metrics:
Proportion of urban areas utilizing AWES for energy,
Reduction in Urban Pollution:
Decrease in pollution levels attributed to AWES
and Energy Reliability Index:
Improvement in energy reliability metrics for urban grids.

Support urban planning initiatives
by integrating AWES into city infrastructure.

Urban Planning Integration:

Number of urban planning projects integrating AWES,
Sustainable Development Measures:
Metrics on how AWES contributes to sustainable
development in urban areas
and Urban Resilience Index:

Increase in urban resilience against energy disruptions.

Reduce greenhouse gas emissions

by increasing the use of renewable wind energy.

CO2 Emissions Reduction:
Tons of CO2 emissions avoided annually due to AWES,
Renewable Energy Adoption:
Increase in the percentage of energy from renewable sources
and Environmental Impact Assessment:
Score from environmental impact assessments.

Enhance community awareness
and preparedness for climate change impacts
through renewable energy education
and deployment.

Community Awareness Index:
Increase in awareness levels in communities where
AWES is deployed,
Climate Action Programs:
Number of educational programs or initiatives launched
and Public Engagement Metrics:
Community participation rates in climate action programs.

Foster global partnerships
to advance renewable energy technologies
and share knowledge.

Partnership Formation Metrics:
Number and effectiveness of partnerships formed,
Technology Transfer Cases:
Number of successful technology transfers involving AWES
and Joint Research Publications:
Number of publications resulting from global partnerships.

Attract investment and funding
for large-scale deployment
of AWES technologies.

Investment Metrics:
Total amount of investment secured for AWES projects,
Funding Sources Diversity:
Diversity of funding sources (public, private, international)
and Project Scaling Metrics:
Rate of scaling and deployment of AWES
technologies globally.
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Chapter 1

Introduction

1.1 Context

Airborne Wind Energy Systems (AWES) have emerged as a groundbreaking frontier in renewable
energy, promising to revolutionise the way wind power is captured. Unlike traditional wind tur-
bines that are grounded to the earth, AWES ascend to higher altitudes, where wind currents are
more consistent and powerful. This innovative approach not only capitalizes on stronger winds
but also addresses challenges related to land use and installation constraints, making AWES a
compelling alternative in pursuing sustainable energy solutions.

As these systems continue to advance, the seamless integration of their energy generation into
existing grids becomes paramount. This integration is facilitated by two essential components:
the initial bidirectional converter, linking the generator’s alternating current (AC) output to the

internal direct current (DC) bus, and the second one, connecting the DC bus to a single-phase grid.

1.2 Goals

This dissertation centres its focus on the converter connecting the DC bus to the single-phase
grid. Unlike conventional wind energy systems, the variable nature of airborne wind necessitates
adaptability and precision in energy conversion. The converter plays a pivotal role in this context,
transforming the stable DC power from the bus into the requisite AC for grid connection.

Apart from its technical complexity, the converter also has significant practical implications.
Its ability to ensure the smooth transition of energy determines the efficiency, stability, and reliabil-
ity of the entire energy transfer process. This dissertation comprehensively explores the converter’s
operational principles, and control algorithms to shed light on its capabilities and limitations.

Through analysing the converter, it aims to clarify and simplify the complexities of integrating
AWES, ultimately paving the way for a more sustainable energy future. This study makes a
significant contribution toward enhancing energy sustainability.

Another goal for this dissertation is to fulfil the academic requirements for the degree of Master

of Science in Electrical and Computer Engineering.
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1.3 Dissertation Structure

This dissertation will be structured in the following manner:

e Chapter 1: Introduction - This chapter introduces the context, goals, and structure of the
dissertation. It also outlines the motivation behind studying the integration of bidirectional
converters in AWES as part of the UPWIND project.

e Chapter 2: Background of AWES - This chapter contains an overview of AWES, high-
lighting their advantages and different approaches. It details the benefits of AWES, such
as their ability to access higher wind speeds and their reduced material usage compared to
traditional wind turbines. The chapter also compares various AWES technologies and dis-
cusses competitors to the UPWIND project. The content aims to establish a foundation for

understanding the context in which the UPWIND project operates.

e Chapter 3: Background and Literature Review of Bidirectional Converters - This chap-
ter reviews the fundamentals of bidirectional converters, focusing on their topologies, con-
trol strategies, and modulation methods. It explores different control techniques, including
PWM-based linear control and advanced methods without a modulator. The chapter empha-
sizes the importance of selecting appropriate converter topologies and control strategies to

achieve efficient integration with AWES.

o Chapter 4: Modelling and Simulation - This chapter focuses on the modelling and simula-
tion of the proposed bidirectional converter for the UPWIND project. It details the develop-
ment of the converter’s model, including the LCL filter and d-q transformation. The chapter
presents simulations with both analogue and digital control, addressing various operational
scenarios such as normal operation with load, current source, and alternate load. The re-
sults are compared to determine the effectiveness of the proposed system under different

conditions.

e Chapter 5: Conclusion and Future Work - This chapter summarizes the key findings from
the dissertation and discusses the implications for the UPWIND project. The chapter also
outlines potential areas for future research, suggesting improvements and further investiga-

tions to enhance the integration and performance of AWES in single-phase grid systems.



Chapter 2

Background of Airborne Wind Energy

Systems

2.1 Introduction

In this chapter, a brief overview of the background of Airborne Wind Energy Systems (AWES)
will be given. A talk about how it works, about its different approaches, which approach the
UPWIND project uses and about UPWIND’s competitors will be given.

2.2 AWES and its advantages

The AWES represent an innovative class of wind energy technologies that utilize flying devices
or tethered wings to harness wind power. These systems operate at high altitudes, capitalizing
on stronger and more consistent winds compared to ground-level wind turbines. Airborne Wind
Energy holds significant interest within the renewable energy sector for two primary reasons.

The first is that winds at higher altitudes exhibit substantially higher power density than those
at ground level. Wind Power Density (WPD), illustrated in Figure 2.1, demonstrates an increase
with altitude. The wind at elevated heights carries several times more power than ground-level
winds. This disparity in power potential indicates a significant advantage for airborne systems
over traditional wind turbines. As a conservative estimate based on the standard atmosphere,
high-altitude winds carry approximately twice as much power as their low-altitude counterparts
[3]. However, it’s crucial to note that this estimation varies depending on the specific site charac-
teristics.

The second is that the construction of structures for harnessing energy from high-altitude wind
tends to be more lightweight and cost-effective. While conventional wind power methods involve
building taller towers to access energy from laminar Airborne Wind ranges, this approach signif-
icantly increases costs. The escalation in tower expenses, larger rotor blade dimensions entering
the bending range, and the need for disproportionate reinforcement curtails economic efficiency.

In contrast, utilizing flying machines to capture Airborne Wind energy presents a more pragmatic
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Figure 2.1: Chart showing the WPD (x-axis) variation with altitude (y-axis) [4].

and cost-effective solution. These lighter and adaptable flying systems circumvent the drawbacks
associated with conventional tower-based methods, making the harvesting of high-altitude wind

energy more economically feasible.

2.3 AWES approaches

There are three different approaches for the location of the generators of the AWES. The first one is
the stationary generator. This approach uses the lift force of the flying machines to generate power
by providing torque to the generators located on the ground [5]. In addition to the diverse methods
of converting Airborne Wind energy, various approaches exist for generating the necessary lift
force. The foremost among these is the YoYo approach, a harvesting technology where flying
machines execute movements in the shape of a lemniscate, circular trajectory, or along a linear
path [5]. Figure 2.2 illustrates these different flight paths. The two primary applications of the
YoYo concepts, depicted in Figure 2.3, include the use of either hard kite or soft kite structures.
Furthermore, the distinct harvesting methods associated with the YoYo concepts are detailed in

Figure 2.4, showcasing the variability within this approach to harnessing airborne wind energy.

//’

A

’ A

AWE Basic flight patterns

Figure 2.2: Flight patterns of the kite [5]
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Energy harvesting methods (YeYe variants with lemniscate flight):

Figure 2.3: YoYo flight concept with lemniscate path [5]

Energy harvesting methods (YoYo variants with circular flight):

» & @

Tandem Kites Tandem Planes Single Aircrafts

Figure 2.4: YoYo flight concept with circular path [5]

The second approach is the flying generator, which in this operation, generators are equipped
with propellers and mounted on aircraft. These are controlled by Airborne Wind power so that
the propellers provide torque to generate electricity [5]. The primary concept involves elevating
generators aloft and transmitting the generated electricity to the ground via cables in the tethers.
The most common approach employs airfoils equipped with generators and propellers. During
production mode, the propellers function either in push or pull mode, depending on their place-
ment, with some mounted on the back [5]. An example can be shown in Figure 2.5. The cable
connection not only facilitates power transmission but also enables the generators to function as
engines, facilitating fully automated take-offs and landings. This innovative design allows for a
unique integration of aerial generators capable of both energy production and autonomous flight
operations [5].

The third approach is ship or generator propulsion, which uses the lift force to pull ships or

movable generators (e.g. electric locomotives) with the resulting horizontal force [5].
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Air turbine and
generator

Figure 2.5: Example of a flying generator [5]

2.4 Competitors of the UPWIND project

There are several competitors of the UPWIND project in the airborne wind energy sector. Here

are some competitors or alternative projects:

o EnerKite: EnerKite is a German company developing tethered flying devices to harness
wind energy. Their system uses a kite-like structure equipped with turbines to generate

electricity. They focus on efficient energy capture and ease of deployment.

e Makani: Makani, previously a project under Alphabet (Google’s parent company), was
aimed at generating electricity using a kite-like structure equipped with turbines. While
the project was discontinued in early 2020, its approach to airborne wind energy shared

similarities with EnerKite’s concept of using tethered flying devices to capture wind energy.

o Kitenergy: An Italian startup, Kitenergy, develops kite-based wind energy systems. They
aim to create scalable and modular systems that generate electricity through the motion of

tethered kites flying in loops.

o Kitepower: Kitepower, based in the Netherlands, specialises in airborne wind energy sys-
tems. They design and develop high-altitude kite systems capable of producing renewable

energy by capturing wind at higher altitudes.

o Ampyx Power: Ampyx Power, headquartered in the Netherlands, works on airborne wind
energy using tethered aircraft. Their system involves autonomous aircraft that fly in patterns

to generate electricity.

o SkySails Power: SkySails Power, a German company, focuses on airborne wind energy
using large-scale kites. They aim to produce renewable energy by exploiting high-altitude

winds.
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o Altaeros: Altaeros, a US-based company, works on an airborne wind turbine called the
Buoyant Airborne Turbine (BAT). The BAT is a helium-filled, inflatable wind turbine that

operates at high altitudes to harness strong winds.

¢ Kitemill: Kitemill, a Norwegian company, develops airborne wind energy solutions using

tethered kites. They aim to create cost-effective systems for wind energy production.

o TwingTec: TwingTec, based in Switzerland, designs airborne wind energy systems using
tethered drones. Their approach involves drones flying in a figure-eight pattern to generate

electricity.

2.5 Summary

In summary, AWES represent an innovative and promising approach to harnessing wind power for
electricity generation. These systems operate by utilizing flying devices or tethered wings at high
altitudes, where wind speeds are stronger and more consistent compared to ground-level turbines.

The operation of AWES involves deploying aerodynamic devices that capture wind energy,
generating electricity through various methods such as tethered kites, drones, or autonomous air-
craft. This unique approach allows for the exploitation of abundant wind resources at higher
altitudes, offering several advantages over traditional wind energy systems.

Competitors in the AWES sector, including companies like Makani, Ampyx Power, Kitepower,
SkySails Power, TwingTec, and Kitemill, are exploring different technological solutions to opti-
mize energy capture, improve efficiency, and reduce costs. These competitors often focus on in-
novative designs, control systems, and materials to gain a competitive edge in the rapidly evolving

field of airborne wind energy.
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Chapter 3

State of the art on Bidirectional
Converters

3.1 Introduction

In the UPWIND project, the generator is connected to a DC bus through a bidirectional DC/AC
converter, which in turn is connected to batteries and braking resistors through DC/DC converters
and is connected to the single-phase grid through a bidirectional DC/AC converter. This can be
seen in the diagram in Figure 3.1. The focus of this dissertation will be on the converter connecting

the DC bus and the single-phase grid. The grid will have 230 V, 50 Hz with a maximum power of

3680 VA.
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Figure 3.1: Diagram of the Stationary generator and its connections

In this chapter, it will tell about the converter’s topologies and control strategies.
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3.2 Topology

The converter will be voltage-sourced. There are two main circuits for the converter, the half-
bridge and full-bridge circuits. The half-bridge circuit also called a two-level converter generates
bipolar voltages, with — VDC and +-2< VDC the only possible outputs (as shown in Figure 3.2). Mean-
while, the full-bridge generates a monopolar voltage (0 to —Vpc or 0 to Vpc, shown in Figure 3.2),
giving full supply to the load and gives better control to the sistem. Furthermore, the full-bridge

permits the current to flow both ways of the converter, while the half-bridge is unidirectional.

(A)

1
\
9‘4 [,d( 1]

Va
Cm S] -K [’,ﬂ. ] M .H"""‘\\
0

(B)

Figure 3.2: Half-bridge (A) and full-bridge (B) topology with their AC output voltage. [6].

3.3 Control

3.3.1 Control Targets

Control strategies for converters must address fundamental requirements to ensure safe and effi-
cient operation [6]. These essential considerations, widely acknowledged in converter design (see

[7]), encompass the following key targets:

o Limited or constant switching frequency: Managing the switching frequency offers ben-
efits in terms of identifiable power losses, aiding hardware efficiency, and effective thermal
dissipation [6]. Additionally, maintaining a consistent current and/or voltage spectrum sim-

plifies interface filter design [6].

e Reduced ripple: Minimizing ripple assists in downsizing passive components (like capac-

itors and inductors) within the converter [6].
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o High dynamic response: Given converters’ integration into larger systems like electric
vehicles or renewable power plants, a swift adjustment in power flow is crucial to meet

evolving demands [6].

e No Phase and Amplitude Error in AC-Systems’ Steady State: Controllers are designed
to track steady references, crucial for regulation [6]. In AC systems, maintaining precise
sinusoidal references is vital to prevent undesired effects, like the injection or absorption of

reactive power in converters like unity power factor rectifiers [6].

¢ Reduced harmonic content: Preferably, in AC or DC applications, controlled currents or
voltages should ideally exhibit the desired fundamental frequency or a minimal harmonic
content for DC components, ensuring optimal operation [6]. High harmonic levels can in-
duce losses in electric motors (e.g., in electrical drives) or provoke unwanted grid resonances

in grid-connected applications [6].

It’s important to note that some requirements may conflict, such as a high dynamic range
conflicting with reduced harmonic content. Therefore, selecting appropriate controller classes

becomes crucial to manage these interdependencies while striving to meet these targets.

3.3.2 Control Classification

Three different control classes are identified based on how the control input is chosen. The first
class (Figure 3.3A) is the classic linear approach employing a modulator [6]. Here, the controller
tracks the converter output (e.g., current, voltage, power) and provides an control input, u [6].
As this average input cannot be directly applied, it’s synthesized through a modulation stage,
usually generating the necessary duty cycle, u = d, to control the average output, y [6]. Operating
within a continuous control set (CCS), for instance, d € [0, 1], this method commonly employs an
average model of the converter and load while neglecting the modulator’s effect [6]. The advantage
lies in fixing the converter’s switching frequency and defining a clear spectrum across controlled
variables, thus accommodating various control objectives [6].

The second control class (Figure 3.3B) directly utilizes the state of switches or output voltage
levels as the input, u = S,,, eliminating the need for a modulation stage [6]. As the control input
has fixed states, falling into a finite control set (FCS) like S, € 0, 1, this approach allows designers
to use instantaneous models of the converter and load for faster dynamic responses [6]. However,
it results in output variables displaying a spread spectrum [6].

The third control class (Figure 3.3C) incorporates the modulator into its strategy alongside
an instantaneous model of the converter and load [6]. Here, the instants when switches must
commutate, fg , within a sampling time, T, serve as a control input, u = ¢, also falling within
aCCS, e.g., ts, €[0,T] [6]. This method achieves rapid dynamics during transients with a fixed
switching frequency and a well-defined spectrum [6].
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Figure 3.3: Classification of control strategies: (A) modulation-base controllers,(B) controllers
without a modulator, and (C) controllers with embedded modulator [6].

3.3.3 Modulation Methods

The modulator’s pivotal role in governing converters, irrespective of their type (DC/DC, DC/AC,
or AC/DC), involves decoding the controller’s effort (d in Figure 3.4A) and converting it into

switching signals (S, in Figure 3.4A) that propel the power semiconductors [6].

The specifications of modulators’ output greatly hinge upon the specific application. For low-
power scenarios, analogue modulators capable of handling several kilohertz in switching signal
frequency are typically sought to reduce converter weight and size by elevating the switching
frequency. Conversely, high-power applications like DC/AC or AC/DC converters necessitate
digital modulators functioning at lower frequencies (less than kilohertz), capable of managing
multiple outputs and often featuring enhanced sophistication [6].

Pulse-width modulation (PWM) stands as the most prevalent technique for implementing mod-
ulators in DC/DC, DC/AC, and AC/DC converters, persisting for a long time. Illustrated in Figure
3.4, PWM governs the switched waveform by modifying the pulse width as per the controller’s
effort, d [8, 9]. PWM implementation can be either in continuous time using analogue signals or
in discrete time as part of an analogue-to-digital process [6].

The evolution of power electronics in recent years has brought forth new challenges in modu-
lation, such as computational demands, feasibility, and optimal harmonic distortion, among others

[6]. With the ongoing development of new converter topologies and applications, these challenges
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Figure 3.4: Basic concept of modulation: (A) analogue PWM and (B) digital PWM [6].

continue to evolve. As a response, adaptations and refinements to classic PWM and other modu-

lation methods have been introduced [6].

3.3.3.1 Conventional PWM Techniques

Voltage source inverters necessitate a modulator to generate a PWM voltage mirroring the har-
monic components akin to the controller’s effort while maximizing the utilization of the DC volt-
age [6]. As the controller’s effort waveform typically assumes a sinusoidal shape, the PWM wave-
form should exhibit harmonics with a fundamental frequency component aligning with the desired

controller’s effort waveform [6]. Here are some of PMW techniques:

e Square-wave modulation method: The initial method to produce a PWM waveform from
a sinusoidal waveform, while foundational, often yields significant distortion in the low-order
harmonics of the resulting waveforms, as depicted in Figure 3.5 [6]. Consequently, this approach
sees limited practical application. PWM-based methods offer a viable alternative to enhance the

performance of output waveforms.

Item Operating Voltage Harmonic
Principle Waveform Spectrum

Square- w - . ~ affy Pumeie
= P g 1
|

Figure 3.5: Square-wave modulation method for Two-Level Voltage Source Inverters [6].

e Carrier-Based PWM Techniques - Bipolar and Unipolar PWM for Single-Phase Con-
verter: In the circuit diagram shown in Figure 3.6, a single-phase VSI is depicted. This inverter
is commonly employed to convert a constant DC input voltage, v,., into an AC output voltage,
vap, which can exhibit a variable amplitude and frequency [6]. The fundamental principle under-

lying the operation of the PWM for this inverter is elucidated in Figure 3.7 [6]. The gating signals,
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S1 and S, are generated by comparing a sinusoidal modulating waveform, v,,4, with a periodic
triangular carrier waveform, v, [6]. This approach is often termed Sinusoidal PWM (SPWM)

owing to the sinusoidal nature of the modulating waveform.
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Figure 3.6: Example of a single-phase full-bridge inverter [6].

As a first option, the two gating signals can be complementary to each other, resulting in a
bipolar voltage waveform [6]. Consequently, the inverter output voltage v4p alternates between
+vg4. and —vg,, as depicted in Figure 3.7. This modulation technique is referred to as bipolar mod-
ulation [10]. The power switches’ switching frequency (f;,,) is then equal to the carrier frequency

(fer) [6].

Alternatively, the equivalent switching frequency in v4p can be doubled by maintaining the
same power switches’ switching frequency through the utilization of unipolar PWM [6]. Here, an
additional modulating wave, v,,5, 180 degrees out of phase with v,,4, is required [6]. Gating signals
S and S, are generated by comparing v,,4 and v,,p with the carrier wave v, [6]. Consequently,
the converter output voltage v4p switches either between 0 and +v,. during the positive half-cycle
or between 0 and —v,. during the negative half-cycle of the fundamental frequency, as outlined in
Figure 3.7 [10].

Under unipolar modulation, switches in phases A and B do not switch simultaneously, unlike
bipolar modulation where all four switches are commutated simultaneously [6]. Despite the equiv-
alent output fundamental amplitude and power switches’ switching frequencies match the carrier
frequency, the converter switching frequency is effectively doubled under unipolar modulation
(i-e., fowinv = 2* fsw) [6]. This feature facilitates potential size and cost reduction of converter

output filters if employed [6].

The modulation index (m,), defined as the ratio between the peak values of the modulating
and carrier waves, can be adjusted to influence the fundamental-frequency component v4p; in the

converter output voltage [6] using the formula:

Mg = 2 (3.1)
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Figure 3.7: Bipolar and unipolar PWM for a single-phase inverter: (A) bipolar and (B) unipolar
[6].

The modulation index m, is typically adjusted by varying ¥,, while maintaining ¥, constant
[6]. Additionally, the frequency modulation index (my) is defined as the ratio between the fre-

quencies of the carrier and modulating waves [6], given by:

_ Jer
mf—f—m

When the modulation frequency (f,,) synchronizes with the carrier wave and the modulation

(3.2)

index (my) is an integer, the modulation scheme is identified as synchronous PWM [6]. Con-
versely, if my is not an integer, the scheme is termed asynchronous PWM [6]. In the latter case,
the carrier frequency (f,,) is typically fixed and independent of f;,, [6]. Asynchronous PWM, often
implemented with analogue circuits, features a fixed switching frequency. However, its output
spectrum encompasses non-characteristic harmonics whose frequency is not a multiple of f,,, [6].
Conversely, synchronous PWM, more conducive to implementation with a digital processor, offers

distinct advantages.

3.3.4 Control of Converters - PWM-Based Linear Control

The prevalent control structure for linear systems like converters often employs the linear feedback

control loop, illustrated in Figure 3.8 A [6]. This loop aims to minimize the tracking error (e =r—y)



16 State of the art on Bidirectional Converters

by applying a control input (u) to the system (G(s)) using a feedback controller (C(s)) [6]. How-
ever, disturbances that may arise can affect the closed-loop performance [6]. Variations between
nominal (¥) and actual (y) system outputs may occur due to measurement noise or uncertainties
(denoted by 7,), and deviations may occur between nominal input ( ) from the controller and the
actual input due to external factors (denoted by 7;) [6]. Therefore, designing a feedback controller

must consider both reference tracking error performance and disturbance rejection capability [6].

J.'f ~ EW ﬂﬂ_ﬂ
®) 2 Sw, LI

Figure 3.8: Linear feedback controller: (A) a general closed-loop representation and (B) closed-
loop including modulator [6].

The input-to-output relationship for the closed loop depicted in Figure 3.8A can be expressed

as:

Y(8) =T ()r(s) +S(5)do(S) + S i()di(S) (3.3)

Here, T(s) represents the reference-to-output transfer function that determines the reference
tracking error performance [6]. S(s) and S;(s) are sensitivity transfer functions governing distur-

bance rejection, given by:

_COGs)
T = 16,0 G4
S(s) = ! 3.5
W 6,6 Y
Si() = Go(9)S (5) (3.6)

Note that T(s) and S(s) are complementary (i.e., T(s) + S(s) = 1). For optimal reference
tracking and effective disturbance rejection, ideally, 7'(s) = 1 and S(s) ~ 0 are sought [6]. The

controller C(s), as per equations (3.4) and (3.5), influences both reference tracking and disturbance
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rejection performances [6]. However, achieving these control targets across the entire frequency
spectrum separately is often unfeasible [6]. Yet, for specific frequency ranges, this ideal condition
might be achievable [6].

In the realm of converter control, a linear controller typically generates a duty cycle, d, which
must be synthesized by a modulator (Figure 3.8B) [6]. As explained in Section 3.3.3, the modula-
tor maintains a constant switching frequency with a well-defined spectrum in the steady state.
However, the actual input applied to the system (u = §S,), represented by the state of power
switches, differs from the nominal input provided by the controller (iz = d) [6]. This discrep-
ancy can be viewed as an input disturbance, r; = S, —d [6]. Under high bandwidth closed loops,
this input disturbance may impact tracking performance, as the controller attempts to compensate
for modulation noise [6]. In analogue implementations, this can lead to additional commutations,
resulting in increased power losses and harmonic distortion. Conversely, digital implementations
often synchronize controller sampling with the PWM carrier, limiting the closed-loop bandwidth
to the PWM frequency [6]. Consequently, system output measurements (current, power, torque,
etc.) mimic their average values, allowing the use of average converter and load models (i.e., G(s))

for designing a linear feedback controller.

3.3.4.1 PI Controller

The Proportional-Integral (PI) controller remains the most commonly used linear controller. Its

continuous-time expression is:

u(t) = Kpe(t) + K; f e(t)dt (3.7)
In the frequency domain, the equivalent representation of a PI controller is:
K; 1+ sT; Ti
C — K.+ == =K,(1+- 3.8
pi(s) = Kp+—= = Kp( ST, ) =Kp(1+-2) (3.8)

where Ti = K,,/K; and 7; = 1/T;. Figure 3.9 portrays two standard implementations of this

conventional controller based on equation (3.8).
el — -
.‘ .I K P ; ) T

Figure 3.9: Standard PI controller structures [6].

Determining appropriate values for K, and T; is crucial to achieving the desired closed-loop

performance, particularly when dealing with first-order systems.

Design Criteria of PI Controllers for First-Order Systems
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In certain scenarios, control of converters and electrical drives can be achieved by considering
one or more first-order systems. For instance, the AC current of a rectifier connected to the grid
through an inductor and its DC-link can be modelled as two cascaded first-order systems [6].
Similar situations occur in systems like the speed and current dynamics of induction motors under
a field-oriented control strategy [6]. This section aims to provide a comprehensive analysis and

design approach for a PI controller applicable to first-order systems. Given a plant modelled as:

K,
Go(s) = P 3.9

the closed-loop transfer function for a first-order system governed by a PI controller, based on

equation (3.4), can be expressed as:

KoKy

2 (Tis+1)
I(s)= 2 KK, KK, (3.10)
SHEETS T

This closed-loop transfer function yields a second-order system with one zero. The selection
of poles for the closed-loop system referred to as pole placement, can be accomplished by setting

the controller parameters K, and T;. Simplifying the closed-loop characteristic equation as:

§% 420 wps + W (3.11)

where { represents the relative damping and w,, is its natural frequency. The resulting closed-

loop poles are given by:

P12 =—{wptwy P -1 (3.12)

while the closed-loop time constant is defined as:

1

" Lo,

Thus, instead of determining the controller parameters K, and T}, closed-loop poles can be

™D (3.13)

set by choosing ¢ and w,. By comparing equation (3.11) with equation (3.10), the relationship

between w, and { can be established as follows:

K, K
2 ofip

= 3.14

“n T()Ti ( )
1+ K ,K

l= 2—” (3.15)
WiTo

Therefore, the PI tuning parameters K, and 7; are determined by:

2wyt -1 2 1

Gire o ain

T; (3.16)
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_ 2wyt —1 w’t,

K
P K, K,

T; (3.17)

The closed-loop bandwidth of T(s) in equation (3.10) is indicated as:

WBW = M * Wy (3.18)

where

U= \/1+2{2+ A +42 42 (3.19)

To achieve the desired closed-loop performance, typically a damping factor ¢ of 0.707 or
higher is selected [6]. Moreover, to ensure positive PI parameters, the natural frequency w, should
be greater than ﬁ [6]. Nevertheless, increasing w, leads to faster controller response according

to equation (3.16). Consequently, from equation (3.16), it can be deduced that for large w,, values:

X

Wp

T; (3.20)

This implies that 7; remains unaffected by changes in system parameters, rendering the con-
troller more resilient to uncertainties in those parameters. However, in analogue implementations,
it’s important to maintain the closed-loop bandwidth fzy = wpw/(27) below half the PWM fre-
quency f., to prevent the PI controller from compensating for modulation errors beyond this limit,
leading to additional switch commutations [6]. Hence, for analogue implementations, the range

for w, is recommended as:

1 by
<wp £ - 3.21
26, Wp Iy Jer ( )
Lastly, the reference-to-input and sensitivity transfer functions in terms of £ and w,, are given
as:
lwy, — Tl)s + a),21
T(s)= 2 (3.22)

§2+ 20wy s + w3

1
s(s+ T—g)

S(s) (3.23)

52 + 20wy s + w3

These transfer functions indicate 7(0) = 1 and S(0) = 0 when s = 0, illustrating the PI con-
troller’s capability to precisely track constant references and resist steady disturbances. Note that
both T(s) and S(s) share identical poles, meaning the tuning of the PI controller affects both aspects

of these characteristics.

Anti-windup Scheme
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In power electronics applications, the actuators have their limits, notably the modulator’s duty
cycle constraint. When the controller output surpasses this actuator limit, the integral action can
accumulate to a significant value [6]. Upon the input’s return to the linear zone, a substantial
transient occurs, termed as "wind-up" [6]. To prevent adverse closed-loop behaviours that could
potentially damage a converter or electrical drive, mitigating measures against the detrimental
effects of wind-up are crucial [6]. Among the simplest anti-windup schemes is the back-calculation
method, illustrated in Figure 3.10. This scheme is easily implementable in the analogue form.

Initially, the saturation effect is considered by incorporating the saturation error:

esar(t) = u(t) —v(t) = sat(v(t)) — v(r) (3.24)

This error is then utilized to offset the integral action. Importantly, this anti-windup scheme
doesn’t impact the controller output, u(t), as long as the unsaturated PI output, v(t), remains within

the linear range (i.e., e(t) = 0) [6].

&

Figure 3.10: PI controller with anti-windup strategy [6].

While, as previously noted, the PI controller excels at tracking constant references, it poses
challenges in tracking sinusoidal references, particularly in inverters. Therefore, the subsequent
section will delve into designing linear AC compensators to specifically tackle this significant

issue.

3.3.4.2 Resonant Controller

To control converters, one commonly used solution is to operate in a synchronous d — g frame.
This approach converts the sinusoidal tracking problem into a regulation problem with a constant
reference. Another method is to transform the PI controller, Cp;(s), as shown in equation (3.8),
into an AC compensator that operates at a frequency of w, [6]. This type of controller is also
called a resonant controller, or Cgg(s) [11]. By doing this, the controller can work in a stationary
frame without requiring any transformations. To achieve this, the integral action is replaced with

the following transformation:

1 2s

~ 3.25
s 24w (023)

As such, the resonant controller can be represented as:
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2K,‘S

2

Cre(s) =K, +
RE() P s2+a)0

(3.26)

Finally, the reference-to-input and sensitivity transfer functions can be expressed in the fol-

lowing way:
K,K,s> +2K;K,s + K, K,w>
T(s)= —— P2 5 (3.27)
(52 +w5)(Tos + 1)+ KK, 5% + 2K K, s + K, K, w3
2 2
+ +1
S(s) (5" +wy)(Tos+1) (3.28)

(P + 2T+ 1) + Ky K,52 +2KiKos + K K pw?

In this scenario, it can be concluded that for s = jw,, T (jw,) = 1, and S (jw,) = 0. This means
that the resonant controller, Cgg(s) in equation (3.26), can precisely track and reject sinusoidal
references and disturbances with frequency w,.

If you want to create a resonant controller for a plant that can be represented as a first-order
system, you can use the same design approach as you would for a PI controller. However, it’s
crucial to remember that a damping factor lower than one may lead to undesirable oscillations that
can have a negative impact on the closed-loop performance. Hence, it is advisable to opt for £ > 1

in this scenario [6].

3.3.4.3 Digital Implementation of PI and Resonant Controllers

Presently, digital controllers dominate converter control due to the reduced cost of digital plat-
forms coupled with their increased computing power and speed [12]. Digital controllers offer
enhanced flexibility compared to analogue versions and can incorporate additional functionalities
like maximum power point tracking algorithms, faster and more accurate Phase-Locked Loops
(PLLs), sensorless drive strategies, and more, within the same digital platform [6].

Figure 3.11 illustrates a standard digital implementation of a PWM-based linear controller
within a digital platform. Analogue measurements undergo conversion to digital form via an
Analog-to-Digital Converter (ADC) and typically pass through a low-pass filter to mitigate high-
frequency noise [6]. Field Programmable Gate Arrays (FPGAs) and Digital Signal Processors
(DSPs) stand out as the most popular digital platforms for converters. In some cases, a hybrid
approach involving both FPGA for handling peripherals (ADCs and modulators) and DSP for
controller implementation is employed [6].

In digital implementations, the PWM stage holds significant importance as it not only gen-
erates controller actuation but also synchronizes the entire digital process, encompassing mea-
surements, execution of control algorithms, and actuation. The sampling time, denoted as T, is
directly linked to the PWM carrier period, T,, as depicted in Figure 3.12.

When an asymmetric carrier is utilized, both the PWM and the controller operate at the same
sampling frequency, as illustrated in Figure 3.12A [6]. Conversely, symmetric carriers can adjust
the sampling frequency. For instance, with a single update mode (as depicted in Figure 3.12B), the

sampling frequency mirrors the PWM frequency, resulting in f; = f., [6]. However, in a double
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Figure 3.11: Digital implementation of a PWM-based linear controller [6].

update mode (sampling at both edges of the triangular carrier), the sampling frequency becomes
double the carrier frequency, establishing f; = 2f.,, as shown in Figure 3.12C [6]. Importantly,
the duty cycles (d(k)) remain constant throughout the sampling time, ensuring that no additional

commutations occur [6].
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Figure 3.12: PWM-based sampling synchronization: (A) asymmetric PWM, f; = f.,; (B) single
update symmetric PWM, f; = f.,; and (C) double update symmetric PWM, f; = 2f., [6].

Designing a linear controller directly in discrete time is feasible [13]. However, the continuous-
time plant model, G(s), must be transformed into an equivalent discrete-time plant, or the con-
troller can be initially designed in the s-domain (C(s)), which is then transformed into an equiva-
lent controller in the z-domain, obtaining C(z) [6].

Opting for the latter choice, it capitalizes on the continuous-time design previously delineated.
As such, by applying a zero-order hold approximation to equation (3.8), the continuous-time PI

controller, Cp;(s), can be converted into discrete-time, yielding:

K.z+Kp K.+ Kpz!
=1 1=z

Cri(2) = (3.29)

where

K=K, andKy = K;T; - K, (3.30)

Likewise, the discrete-time polynomial equation:

u(k) = Kye(k) + Kpe(k— 1)+ u(k—1) (3.31)
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implements the PI controller at each sampling instant k. Similarly, the continuous-time reso-

nant controller, Crg(s) in equation (3.26), approximates a discrete-time equivalent:

a022 +a1z+ay ap+ alz_] + azz_2

C = = 3.32
RE(Z) Z biotl - (3.32)
where
ap = Kp
K .
a) =2(—sinw,Ts— K, cosw,Ty)
Wo (3.33)
a =K, - Lsinw, T
Wo
bl =2cosw,T
The discrete-time polynomial equation:
u(k) = age(k)+aje(tk—1)+are(k—2)+biu(k—1) —u(k—2) (3.34)

implements the resonant controller at each sampling instant k. Both discretizations are depen-
dent on the sampling time, Ty, derived from the PWM carrier period, T.,. For a strong correlation
between continuous-time controller C(s) and its discrete-time equivalent C(z), the Nyquist crite-
rion stipulates the sampling frequency, f; = T%, should exceed the closed-loop time constant, Tp
in equation (3.13) [6]:

)] 1

< — = 3.35
< e (3.35)
Thus, the range of values for w, in equation (3.21) is substituted by:
1 s
<= 3.36
247, = ons 27 ( )

Finally, digital implementation of both PI and resonant controllers in a DSP or FPGA can be
achieved following the algorithms depicted in Figure 3.13 and Figure 3.14, respectively [6]. It’s
important to note that a digital anti-windup scheme is incorporated for both cases. Assumedly, the
control input is constrained within the range of -1 to 1; if the carrier operates within a different

range, adjustments to these limits will be necessary.

3.3.5 Control of Converters - Without Modulator

Control strategies for converters that operate without a modulator involve direct generation of the
converter’s gate signals by the controller. These controllers aim to minimize the instantaneous er-
ror between control references and variables, striving to achieve specific control objectives. While
enhancing transient operation, these methods can result in variable switching frequency due to
the coupling of fundamental and harmonic components of the control variables [6]. Here, we’ll

explore closed-loop control methods that don’t rely on an external modulator.
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ALGORITHM — Digital Pl Controller Gpy(2)
Initializationat k = 0: elk — 1) — 0, ulk — 1) — 0
function u(k) — PI(r, yk), K, Ky
alk) «— r— ik
o) — Kaelk) + Kpelk — 1) + ulk — 1)
if —1 < w(k) <1 then > Antiwindup
ulk) — +1 - Saturation
end if
Memory: elk — 1) « elk), ulk — 1) « ulk)
end function

Figure 3.13: Algorithm for Digital PI Controller Cp;(z) [6].

ALGORITHM — Digital Resonant Controller Ce(2)
Initializationat k — 0 :elk — 1) — 0, elk — 2) — 0
uk—1)—0,ulk—2)—0
function ulk) = RE(r, y(K), a9, 1. a3, by)

elk) — r— yk

ulk) « ape(k) + a;elk — 1) + ayelk — 2) + byulk — 1) — ulk — 2)

if —1 < utk) <1 then > Antiwindup
ulk) « £1
elk) 0
ek—1) <0

end if

Memory: elk — 2) — elk — 1), elk — 1) — elk)
ulk — 2) — ulk — 1), ulk — 1) — wlk)
end function

Figure 3.14: Algorithm for Digital Resonant Controller Crg(z) [6].

3.3.5.1 Hysteresis

Hysteresis control methods, implemented in an analogue or digital form, entail significant changes
in the controller’s output (S ,,) whenever the error between control references and variables crosses
the boundaries of positive or negative hysteresis bands (Figure 3.15) [6]. This rapid response
characteristic leads to high-gain behaviour, enabling quick adjustment to deviations from control
references [6]. However, in digital implementations, such as shown in Figure 3.16B, the control
variable ripples might not consistently stay within the specified hysteresis band limits [6]. This
discrepancy is highlighted in the zoomed view within Figure 3.16A. Consequently, the operation

of digital hysteresis controllers often differs from their analogue counterparts.

3.3.5.2 Direct Torque Control/Direct Power Control

Direct Torque Control (DTC) is a widely embraced motor drive control system renowned for its
simplicity, rapid response, and robust performance across industry and academia [15]. This system
employs hysteresis controllers to trace torque and flux references [6]. It operates with a switching
table, facilitated by look-up tables (LUT), to determine the optimal converter output [6]. The
operational principle of DTC is depicted in Figure 3.17A, while its block diagram is represented
in Figure 3.17B.
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Figure 3.15: Hysteresis operation principle [14].
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Figure 3.16: A digital implementation of hysteresis control: (A) operation principle and (B) block
diagram [6].

Similarly, Direct Power Control (DPC), was developed specifically for grid-connected appli-
cations, DPC is akin to DTC in its approach but diverges in its focus on controlling instantaneous
active and reactive power [6]. Rather than referencing torque and flux, DPC uses the instantaneous
errors of active and reactive power to determine the optimal converter switching state [16]. Figure
3.18 portrays the block diagram illustrating the functioning of DPC.

For this work, the DTC isn’t important since motors will not be dealt with.

3.3.5.3 FCS Model Predictive Control

FCS Model Predictive Control (FCS-MPC) stands as a nonlinear control strategy employed to
enhance control performance, specifically targeting transient conditions across a converter’s com-
plete operational spectrum [6]. This approach necessitates a system model for predicting future
behaviour in variables of interest (y) and a defined cost function outlining desired control objec-
tives. The system model predicts variable values within a finite prediction horizon during each
sampling interval. An optimization algorithm then tackles the optimal control problem defined by
the cost function [6].

The cost function (J(k)) spanning the finite prediction horizon (N) is expressed as:
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Figure 3.17: An example of a DTC: (A) operation principle and (B) block diagram [6, 17].
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Figure 3.18: An example of a DPC for a single-phase converter [18].

k+N—-1
J(k) = Z Iyl + 1) =y (L + DI, s.0.8,() €: S(FCS)Vlek,...k+N—1 (3.37)
I=k

Noteworthy is the capability to incorporate system limitations into the control problem for-
mulation. The optimal control problem is addressed by determining the necessary control action

without relying on an external modulator, utilizing the equation §,,(k) = argming, ){Jk} [6]. This

process iterates at each sampling moment following a receding horizon policy [19, 20, 21].

The operational principle of FCS-MPC is demonstrated in Figure 3.19A, while its block dia-
gram is depicted in Figure 3.19B.
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Figure 3.19: A generalised FCS-MPC: (A) operation principle and (B) block diagram [6].

3.3.6 Control of Converters - With Embedded Modulator

The discussion on controlling converters without an external modulator highlights the advantages
of this approach, such as simplified implementation and enhanced dynamic performance. The
power switch states remain fixed between sampling intervals by eliminating the need for an ex-
ternal modulator to produce power switch gate signals, facilitating rapid attainment of control
references [6]. However, this technique often results in converters operating at variable switching
frequencies, presenting challenges in designing passive components to prevent resonances. Con-
sequently, the research community has concentrated on devising high-performance controllers that
integrate the benefits of PWM-based output behaviour with modulator-free control strategies [6].
Advanced algorithms like Selective Harmonic Elimination MPC (SHE-MPC) [22] (see Section
2.3.3 Optimal PWM in [6]) have been proposed to address optimal PWM techniques within this
context.

This control strategy will not be extensively discussed since it involves optimal PWM.

3.4 Main Decisions For the Project According to the State of the Art

3.4.1 For the topology of the converter

Due to the need for the converter to be bidirectional, a full-bridge topology has been selected to

be implemented for the converter.

3.4.2 For the control strategy

Regarding the control strategy to be implemented for the converter, table 3.1 compares the various
strategies analysed. According to this table, the Proportional Integral (PI) controller has been
selected to be implemented in the converter due to the fact it presents a low value of total harmonic
distortion (THD), only slightly surpassed by the Resonant Controller however it has not been
selected because is more complex to be implemented. Moreover, the dynamic response which

has been taken into account, for the PI controller is only slightly inferior in comparison to the
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Hysteresis and the DPC, however, these have high THD values as well as variable switching

frequencies.
Table 3.1: Comparison among the controllers.
Parameter H PI ‘ Resonant Controller (PR) ‘ Hysteresis ‘ DPC FCS-MPC
High THD, High THD
Steady State Very low THD The lowest THD high HP ple, and V arl.able Low THD
Response and variable switching
switching frequency | frequency
Sensitivity to Sensitive to
system None None None None system
parameters parameters
Slightly inferior Slightly inferior
Dynamic compared to compared to
y Hysteresis, . Very fast Very fast Very fast
response DPC and Hysteresis,
FCS MPC DPC and FCS MPC

3.5 Summary

This chapter reviewed the fundamentals of bidirectional converters, focusing on their topologies,
control strategies, and modulation methods. It explored various control techniques, including
PWM-based linear control and advanced methods without a modulator. The chapter emphasized
the importance of selecting appropriate converter topologies and control strategies to achieve ef-
ficient integration with AWES. It concluded with key decisions for the project’s converter design

based on the state-of-the-art review.



Chapter 4

Modelling and Simulation

This chapter is divided into four parts. In the first part, the details of the implementation of
the converter and its control in PSIM are presented, in the second and third parts will show the
simulation results and analysis for the analogue and digital control respectively while the fourth

part will compare the results obtained in the second and third parts.

4.1 Modelling

This section details the method used to implement the proposed circuit, depicted in Figure 4.1,
and its controller circuit, depicted in Figure 4.2, in simulations conducted using PSIM. The chosen

switching frequency is 10kHz.

%Es '@S
|

&} Lz
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Figure 4.1: Proposed circuit.

4.1.1 LCL Filter

In this work, it was decided to go for an LCL filter. As the name suggests, the LCL filter con-
sists of two inductors in series and a capacitor in parallel as shown in Figure 4.3. It provides
greater harmonic attenuation, with 60dB/decade attenuation for frequencies above the resonance
frequency, and 20dB/decade attenuation below the resonance frequency, thus allowing the inverter

to be switched at lower frequencies, and the use of this filter results in better system performance.

29
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Figure 4.2: Proposed control circuit.

Furthermore, this filter allows for better decoupling between the impedance of the inverter
and the grid. One of the parameters to pay attention to when dimensioning this filter is its cut-off
frequency, which should be dimensioned taking into account approximately half of the converter’s
switching frequency so that the filter has sufficient attenuation within the switching range.

To obtain the values of the inductor L1 the following equation was used:

Vi

L=—% 23 4.1
1 4*st*A1pp[] 4.1)

with F, being the switching frequency, and Al,, being the max permissible current ripple.

The Al,, can be obtained as:

Alyp = Iyria * V2% 1,;p[23] 4.2)

with I, being the root mean square (RMS) value of the current and 7, being the limitation,
in percentage, of the current ripple in relation to the rated current.

For the value of the inductor L2, it can be obtained by using the following equations:

2

1%
L=01%x—2"__123 43
>l<S>x<2>|<7r*50[ ] @3)
[2=L-11 4.4)

with S being the power of the circuit which will be 3680 VA, and 0.1 being the chosen value
for the percentage of max drop of rated voltage divided by 100.
For the value of the capacitator, the following equation was used:
0.05«S

=—[23 4.5
S s Py L5l (4.5)

with 0.05 being the limitation of the reactive power absorbed by the capacitator in relation to

the value of S.
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L1 L2

Figure 4.3: LCL filter of the converter circuit

4.1.2 Direct-Quadrature (d-q)

By demand, the direct-quadrature components will be used to control the converter. This subsec-

tion explains how it was implemented

4.1.2.1 Imaginary Orthogonal Phase in Single-Phase Systems

In single-phase converters, the challenge of applying the d-q synchronous frame transformation
method arises due to the availability of only one phase. To address this issue, a second orthogonal
phase must be created for each state variable in the circuit [24]. There are three approaches to

achieve this:

o The first approach involves differentiating the converter output voltage and inductor current
[25]. By differentiating the measured real component, a stationary orthogonal component
is created. However, this method is sensitive to noise, as the converter’s real-phase output
waveform contains harmonics in addition to the fundamental component. This results in
the differentiation process not yielding a purely orthogonal component. The errors in the
stationary orthogonal phases significantly impact the converter feedback controller. Ad-
ditionally, the differentiation calculations require a significant amount of microcontroller

processing time [24].

¢ Another approach suggests using an observer to construct the S-axis component, as proposed
in some works such as [26]. While this approach can deliver good results, it necessitates

complex software and processing for design and implementation.

e The third technique involves generating a 90° phase shift in relation to the real phase to
create an imaginary orthogonal phase [27, 28, 29, 30]. By utilizing equation (4.6), the orig-
inal phase delay of one-fourth of the line phase of the system can create another component
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(B) that is perpendicular to the original waveform (@), as demonstrated in Figure 4.4. The
imaginary orthogonal component is estimated from the real component and introduces the

dynamics of a quarter-cycle delay in its construction [24].

Xo = X = sin(w*t)
Xp = X+ sin(w*1—90)

(4.6)
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Figure 4.4: Circuit to obtain the @ and g values in PSIM for the grid voltage

The first two approaches do not represent a simple solution or are cheap to implement, as such
it was chosen the third option. The waveforms obtained from the phase shift can be seen in Figure
4.5.
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Figure 4.5: Waveforms of V,, and Vj

4.1.2.2 a-B to d-q Transformation

The next step is to transform the - components into the d-q components. This transformation is

achieved using the following voltage matrix:

Va
‘47

cos(¢)  sin(¢)
—sin(¢p) cos(P)

Vo
Vg

*k

4.7)
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and for current:

I ] I
a_ CO.S(¢) sin(@) | o 4.8)
1, —sin(¢) cos(P)| |Ig
Figure 4.6 shows the waveforms for V; and V.
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Figure 4.6: Waveforms of V; and V,

4.1.2.3 Phase Locked Loop (PLL)

To perform the transformation from a-8 to d-q components, it is essential to determine the angle
¢. This is achieved using a PLL, as shown in Figure 4.7. In this figure, the d component of the
grid voltage is processed through a PI controller and subsequently through an external resettable

integrator to obtain the value of ¢. The PI controller values are determined as follows:

K,=2x{*w, 4.9)
K; =W% 4.10)
K
T.= 2 4.11
i K 4.11)

with £ being the damping ratio and w, being the natural frequency. Their values are:

05<s<1 4.12)

0.1xw,<w,<05%xw, 4.13)

with w, being equal to 2= f, where f is the grid frequency.



34 Modelling and Simulation

Figure 4.7: Circuit of the PLL created based on the Conventional 3-Phase PLL shown in [31].

The waveform of ¢, in degrees, can be seen in Figure 4.8.
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Figure 4.8: Waveform of ¢ obtained through the PLL of Figure 4.7.

4.1.2.4 Controller

After the grid voltage and current are transformed into d-q components (Vy, V4, 14, and 1), they
enter a decoupling circuit, as shown in Figure 4.9. In this circuit, the reference values for the d and
q components are subtracted from the measured /; and I, respectively. The d component represents
the reactive power, while the q component represents the active power. These differences are then
processed through a PI controller with gains K, =5 and K; = 300. Following the PI controller, the
d component is adjusted by adding V; and its decoupling term I, * w* L, where w = 2+ + f and
L is the total inductance. Similarly, the ¢ component is adjusted by adding V, and its decoupling

term Iy «w= L.

After the sums, the d and q components will be transformed back to @ and § components using

the following matrix:
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Figure 4.9: The d and q decoupling terms on the controller side.

Va
V‘]

%

[Val ~ [cos(@ —sin(¢) 4.14)

|7 - sin(¢)  cos(¢)

Then, only the @ component is used and divided by the desired DC voltage, as illustrated in
Figure 4.10.

1/400

—od al|l—

phi

Figure 4.10: Transformation of the d-q components to a-8 components, divided by the DC voltage
reference.

With component « divided, it will then be modulated by two unipolar PWMs, one using the «
component and the other using @ multiplied by —1, as shown in Figure 4.11. These PWM signals
then control the IGBTs of the converter.

To control the I, reference, a voltage-oriented control (VOC) approach was implemented. This
was chosen to enable the converter to regulate the voltage of the DC bus, specifically maintaining

it at 400V. Figure 4.12 illustrates this control strategy.
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Figure 4.11: Unipolars PWMs used for the controller circuit.
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Figure 4.12: Voltage-Oriented Control (VOC). Circuit to obtain the reference of 1, through the DC
Voltage.

The reference value for I; was determined by calculating the reactive power (Q) in the grid

using the following equation:

O=1;xVy—1,%Vy (4.15)

This calculation is depicted in Figure 4.13. Subsequently, the target Q was set to zero, and the
difference between the target and the calculated Q was input into a PI controller. The output of the

PI controller provides the reference value for I, as illustrated in Figure 4.14.
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d

Figure 4.13: Circuit Reactive Power (Q) calculation.
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Figure 4.14: Circuit to obtain the reference of /; through the Reactive Power.
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4.2 Simulations with Analogue Control

This section will present the simulations with analogue control conducted.

4.2.1 Case 1 - Normal Operation with a Load

Here, a resistor of 65Q was employed in the DC bus to replicate the load from both the batteries and
the motor/generator. The capacitor began with an initial voltage of 380V. The circuit configuration
is depicted in Figure 4.1. The waveforms obtained from this simulation are illustrated in Figure
4.15.

i_grid v_grid vdc

-400

Time (s)

Figure 4.15: Waveforms for the normal operation with a load: the grid current in green, the grid
voltage in red, and the DC voltage in blue.

The expected results have been achieved: the DC voltage stabilizes at 400V, and the grid
current lags the grid voltage by 180° because it flows from the grid to the DC bus.

Figure 4.16 displays the harmonic spectrum of the grid current. From Figures 4.17 and 4.18,
it is evident that the fundamental harmonic is at 50 Hz, with minimal presence of other harmonics.
Only the 3rd harmonic (150 Hz) shows a small peak, indicating minimal waveform distortion in
the grid current. This observation aligns with the obtained total harmonic distortion (THD) value
of 1,5%, as shown in Figure 4.19 using PSIM.
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Figure 4.16: Harmonic spectrum of the grid current.
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Figure 4.17: Fundamental harmonic highlighted in the harmonic spectrum of the grid current.
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Figure 4.18: Measure box shown in Figure 4.17.
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—
: X1 X2 A THD

Time| 7.68776e-81| 7.808776e-01 2.00000¢-02 g freg=5@

i grid| -4.33721e+88| -4.336432+80 7.81433e-84 1.58088e-82

Figure 4.19: THD of the grid current

4.2.2 Case 2 - Normal Operation with a Current Source

Here a current source of 6A was employed in the DC bus instead of the resistor to simulate the
current being supplied by the batteries and/or the motor/generator. The capacitor started with an

initial voltage of 380V. The circuit can be seen in Figure 4.20.

%} '33‘
I

Figure 4.20: Circuit with the resistor replaced by a current source.

|

B

B

The waveforms obtained in this simulation can be seen in Figure 4.21.

i_grid v_grid vdc

Time (s)

Figure 4.21: Waveforms for the normal operation with a current source: the grid current in green,
the grid voltage in red, and the DC voltage in blue.

The expected results were achieved. Similar to the scenario described in 4.2.1, the DC voltage
stabilizes at 400V. However, in this setup, the grid current is in phase with the grid voltage because

the current flows from the DC bus to the grid.
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4.2.3 Case 3 - Operation with Alternate Load

Here a voltage-controlled current source was employed in the DC bus to simulate the varying load
from the batteries and the motor/generator. The capacitor started with an initial voltage of 380V.

The circuit can be seen in Figure 4.22.

; i =T

e e

T

S e

(R

Figure 4.22: Circuit with the resistor replaced by a voltage-controlled current source.

As depicted in Figure 4.22, an additional circuit is implemented to determine the values of
the voltage-controlled current source. These values are derived by dividing the DC voltage by a
Lookup table that emulates resistance values varying over time between 65 and 1302, as shown
in Figure 4.23. Subsequently, the output passes through a control-to-power interface, resulting in
the voltage-controlled current source having roughly the value of 6,1538A when the Lookup table
corresponds to 65€, and 3,0769A when it corresponds to 130Q.

Rows |8 Set Redraw

Input Output Output

1 0 65
2 0.749 65 130
3 075 130 120
4 1499 130 110
5 1.5 65 100
6 2249 65 90
7 225 130 80
8 2.999 130

70

60

0 1 2 3
Input

Figure 4.23: Lookup Table for the voltage-controlled current source.

The waveforms obtained in this simulation can be seen in Figure 4.24.
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Figure 4.24: Obtained waveform for the operation with an alternate load: the grid current in green,
the grid voltage in red, and the DC voltage in blue.

The expected results were achieved: the DC voltage ended up stabilising consistently at 400V
regardless of load changes. The amplitude of the grid current varies accordingly with load changes,

decreasing with increased load and increasing with decreased load.

4.2.4 Case 4 - Operation with Alternate Reference Voltage

The circuit used here is identical to the one described in 4.2.1. However, the voltage-oriented con-
trol (VOC) has been adjusted, specifically varying the reference voltage within the VOC between
380V and 420V. These adjustments are illustrated in Figure 4.25.

ntrada_pi
J E f
1 ET . g_re

Figure 4.25: VOC with the constant changed with a square wave voltage source.

The waveforms obtained in this simulation can be seen in Figure 4.26.

The expected results were achieved: with each change in the reference voltage for the DC
bus (380V or 420V in this case), the DC voltage stabilizes at the specified reference value. Con-
currently, the amplitude of the grid current varies accordingly with changes in the DC voltage,

increasing when the DC voltage increases and decreasing when the DC voltage decreases.
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Figure 4.26: Obtained waveform for the operation with an alternate reference voltage: the grid
current in green, the grid voltage in red, and the DC voltage in blue.

4.2.5 Case 5 - Starting Operation

To prevent obtaining the current waveform depicted in Figure 4.27, which exhibits a spike at the
beginning of the waveform, a modification was made to the circuit described in 4.2.3. A resistor
of 17,5Q was added on the grid side between the filter and the voltage source. This resistor is
initially in place and will be bypassed by a switch after 0.7 seconds from the start of operations.
This modification is illustrated in Figure 4.28. The load on the DC bus is set to simulate a load of
65Q for t > 0,7s and an open circuit for ¢ < 0,7s.

i_grid v_grid vdc

Time (s)

Figure 4.27: Obtained waveform for the normal operation with a load when the initial capacitor
voltage is O: the grid current in green, the grid voltage in red, and the DC voltage in blue.
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Figure 4.28: Circuit in 4.2.3 with a resistor added on the grid side and a switch to the resistor on
the DC bus so that the system alternates between an open circuit and a 65 Load.

Furthermore, changes were made to the controller circuit, as shown in Figures 4.29 and 4.30.
Here, the reference of q in the decoupling phase was changed to a constant while 7 < 0,7s, only

changing to the VOC when ¢ = 0,7s and the reference of the VOC was changed so that the VOC
only effectively initializes when ¢ = 0, 7s.

Switcl

entrada_pi
e @ @

400 i L@, i
V_dc_Target1 i _

Figure 4.29: Changes in the reference of the VOC.
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Figure 4.30: Changes in the reference of q in the decoupling phase.
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In Figure 4.31, a circuit that controls the added switches is shown.

)
: >
L > (Switch?

Ewitchﬂ

N

Figure 4.31: Circuit that controls the new switches.

The waveforms obtained in this simulation can be seen in Figure 4.32.
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Figure 4.32: Waveforms for the starting operation: the grid current in green, the grid voltage in
red, and the DC voltage in blue.

As shown in Figure 4.32, the grid current did not exhibit a spike at the beginning of the
simulation. And from ¢ = 0,7s onwards the circuit is operating in normal condition with a load of
65Q.

4.2.6 Case 6 - Simulations with IGBTs

This subsection employs non-ideal IGBTs for the simulations, replacing the ideal IGBTs.

4.2.6.1 Simulation with IKW30N60H3

Using the values in the datasheet [32], the circuit was simulated with four IKW30N60H3 instead
of ideal IGBTs. The results are shown in Figure 4.33 and Figure 4.34.
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Figure 4.33: Waveforms of the analogue simulation with IKW30N60H3: the grid current in green,
the grid voltage in red, and the DC voltage in blue.
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Figure 4.34: Current grid of the analogue simulation with IKW30N60H3

In Figure 4.34, it can be seen that the waveform is distorted, this is because switching on and
off takes different amounts of time to execute. To address this issue, a dead time must be added.

To obtain the value of the dead time we used the following equation:

tdead = ([d.off.max = td.on.min t tpdd.max — tpdd.min) x1,2 (4.16)

Where, 14,07 f.max 1 the maximum turn-off delay time, 24 n.min is the minimum turn-on delay
time, #pdd.max 18 the maximum propagation delay of the driver, ,44.mix is the minimum propagation

delay of the driver and 1,2 is the safety margin value to be multiplied [33].
With the dead time, the results shown in Figures 4.35 and 4.36 were obtained.
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Figure 4.35: Waveforms of the analogue simulation with IKW30N60H3 and dead time: the grid
current in green, the grid voltage in red, and the DC voltage in blue.
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Figure 4.36: Current grid of the simulation with IKW30N60H3 and dead time.

In Figure 4.36, it can be seen that the distortion has greatly diminished in comparison with

before. Figure 4.37 provides a clearer view by displaying the currents both with and without dead

time.

4.2.

6.2 Simulation with BIDNW30N60H3

Using the values in the datasheet [34], the circuit was simulated with four BIDNW30N60H3
instead of ideal IGBTs. The results are shown in Figure 4.38 and Figure 4.39.

In Figure 4.39, it can be seen that, like with IKW30N60H3, the waveform shows distortions

in the waveform.

Using the formula 4.16, the dead time was obtained and with it, the results shown in Figures

4.40 and 4.41 were obtained.
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Figure 4.37: Comparison of the grid currents of the simulation with IKW30N60H3 with dead
time, in red, and without it, in green.
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Figure 4.38: Waveforms of the analogue simulation with BIDNW30N60H3: the grid current in
green, the grid voltage in red, and the DC voltage in blue.

In Figure 4.41, it can be seen that the distortion has greatly diminished in comparison with
before. Figure 4.42 provides a clearer view by displaying the currents both with and without dead
time.

4.2.7 Case 7 - Simulations with MOSFETSs

This subsection employs non-ideal MOSFETs for the simulations, replacing the ideal IGBTs.
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Figure 4.39: Current grid of the analogue simulation with BIDNW30N60H3

i_grid v_grid vdc

-400

Time (s)

Figure 4.40: Waveforms of the analogue simulation with BIDNW30N60H3 and dead time: the
grid current in green, the grid voltage in red, and the DC voltage in blue.

4.2.7.1 Simulation with IPZ60R040C7

Using the values in the datasheet [35], the circuit was simulated with four IPZ60R040C7 instead
of ideal IGBTs. The results are shown in Figure 4.43 and Figure 4.44.

In Figure 4.44, it can be seen that, like for the IGBTs, the waveform shows distortions in the
waveform.

Adding dead time and simulating with it, the results shown in Figures 4.45 and 4.46 were
obtained.

In Figure 4.46, it can be seen that the distortion has greatly diminished in comparison with
before. Figure 4.47 provides a clearer view by displaying the currents both with and without dead

time.
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Figure 4.41: Current grid of the simulation with BIDNW30N60H3 and dead time.
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Figure 4.42: Comparison of the grid currents of the simulation with BIDNW30N60H3 with dead
time, in red, and without it, in green.

4.2.7.2 Simulation with IXTH30N60L2

Using the values in the datasheet [36], the circuit was simulated with four IXTH30N60L?2 instead
of ideal IGBTs. The results are shown in Figure 4.48 and Figure 4.49.

In Figure 4.49, it can be seen that, like for the IPZ60R040C7, the waveform shows distortions
in the waveform.

Adding dead time and simulating with it, the results shown in Figures 4.50 and 4.51 were
obtained.

In Figure 4.51, it can be seen that the distortion has greatly diminished in comparison with
before. Figure 4.52 provides a clearer view by displaying the currents both with and without dead

time.
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Figure 4.43: Waveforms of the analogue simulation with IPZ60R040C7: the grid current in green,
the grid voltage in red, and the DC voltage in blue.
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Figure 4.45: Waveforms of the analogue simulation with IPZ60R040C7 and dead time: the grid
current in green, the grid voltage in red, and the DC voltage in blue.
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Figure 4.46: Current grid of the simulation with IPZ60R040C7 and dead time.
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Figure 4.47: Comparison of the grid currents of the simulation with IPZ60R040C7 with dead time,
in red, and without it, in green.
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Figure 4.48: Waveforms of the analogue simulation with IXTH30N60L2: the grid current in green,
the grid voltage in red, and the DC voltage in blue.
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Figure 4.49: Current grid of the analogue simulation with IXTH30N60L2

400

=
=l \J I &/ 1 \} A \/ | \j \/ \/ \/ \, | \} \,/ | \, } \ \/ ! \/ \/ | \/ \/ | \/ /\ | I \/ [ \J 1 \/ | \f \/ 1

-400

Time (s)

Figure 4.50: Waveforms of the analogue simulation with IXTH30N60L2 and dead time: the grid
current in green, the grid voltage in red, and the DC voltage in blue.
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Figure 4.51: Current grid of the simulation with IXTH30N60L?2 and dead time.
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Figure 4.52: Comparison of the grid currents of the simulation with IXTH30N60L2 with dead
time, in red, and without it, in green.

4.3 Simulations with Digital Control

4.3.1 Changes for the digital simulation

For the digital simulation, Zero-Order Holds (ZOH) were added to the control subcircuit to convert
analogue waveforms into digital ones. The analogue PIs and integrators were converted to their

digital counterparts using the bilinear (Tustin) transformation method. For the integrator, it went

from
1
4.17
T 4.17)
to
T 1+z7!
kl*?*l—z_l (4.18)

where T is the time constant, T is the sampling time and k; is a constant that needs to be

added to the digital integrator. For the PIs, it turns

1+s*T
fow 5 F (4.19)
sxT
into
T, 1+z7!
itk 5 (4.20)

where k is the value of the proportional component of the analogue PI and k; and &, correspond
to the proportional and integral components of the digital PIs, respectively. The value of k; will

be the same as the value of k and the value of k, will be the same as the value of %
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4.3.2 Case 1 - Normal Operation with Load

Using the circuit described in 4.2.1 and incorporating the digital transformations mentioned above,

the waveforms depicted in Figure 4.53 were obtained.
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Figure 4.53: Waveforms for the normal operation with a load in the digital simulation: the grid
current in green, the grid voltage in red, and the DC voltage in blue.

As depicted in Figure 4.53, the DC voltage stabilizes at 400V, and the grid current lags the

grid voltage by 180° because it flows from the grid to the DC bus.

Figure 4.54 displays the harmonic spectrum of the grid current. Here, it can be observed that

the results obtained in the digital simulation mirror those obtained in the analogue simulation.
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Figure 4.54: Harmonic spectrum of the grid current in the digital simulation.
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4.3.3 Case 2 - Normal Operation with Current Source

Applying the same modifications described in 4.2.2 to the circuit, the waveforms depicted in Fig-

ure 4.55 were obtained.
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Figure 4.55: Obtained waveform for the normal operation with a current source in the digital
simulation: the grid current in green, the grid voltage in red, and the DC voltage in blue.

Results similar to those described in 4.2.2 were achieved. The DC voltage stabilizes at 400V,
and the grid current is in phase with the grid voltage because the current flows from the DC bus to
the grid.

4.3.4 Case 3 - Operation with Alternate Load

Applying the same modifications as described in 4.2.3, the waveforms depicted in Figure 4.56

were obtained.
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Figure 4.56: Waveforms for the operation with alternate load in digital simulation: the grid current
in green, the grid voltage in red, and the DC voltage in blue.



4.3 Simulations with Digital Control 57

Results similar to those described in 4.2.3 were achieved. With each change in the load, the
DC voltage ends up stabilizing at 400V. The amplitude of the grid current varies correspondingly
with changes in the load: decreasing when the load is increased and increasing when the load is

decreased.

4.3.5 Case 4 - Operation with Alternate Reference Voltage

Implementing the identical modifications as described in 4.2.4, the waveforms depicted in Figure

4.57 were obtained.
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Figure 4.57: Waveforms for the operation with an alternate reference voltage in the digital simu-
lation: the grid current in green, the grid voltage in red, and the DC voltage in blue.

Results similar to those described in 4.2.3 were achieved. With each change in the reference
voltage for the DC bus (380V or 420V in this case), the DC voltage stabilizes at the specified
reference value. The amplitude of the grid current varies accordingly with changes in the DC

voltage: increasing when the DC voltage increases and decreasing when the DC voltage decreases.

4.3.6 Case 5 - Starting Operation

Similarly to 4.2.5, a resistor of 17,5Q was added on the grid side. This resistor will be bypassed
by a switch when ¢ > 0,7s. Additionally, a switch was introduced in the DC bus to simulate an
open circuit when 7 < 0,7s and a load of 65€2 when ¢ > 0,7s. Similar adjustments were made as
in Figure 4.25 and Figure 4.30, and a circuit was added to control the switches (similar to the one
shown in Figure 4.31).

The waveforms obtained in this simulation can be seen in Figure 4.58.
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Figure 4.58: Waveforms for the starting operation in the digital simulation: the grid current in
green, the grid voltage in red, and the DC voltage in blue.

As illustrated here, similar to 4.2.5, the grid current did not exhibit a spike at the beginning of

the simulation. When ¢ > 0.7s, the circuit operates under normal conditions with a load of 65CQ.

4.3.7 Case 6 - Simulations with IGBTs

This subsection employs non-ideal IGBTs for the simulations, replacing the ideal IGBTs.

4.3.7.1 Simulation with IKW30N60H3

Using the values in the datasheet [32], the circuit was simulated with four IKW30N60H3 instead
of ideal IGBTs. The results are shown in Figure 4.59 and Figure 4.60.
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Figure 4.59: Waveforms of the digital simulation with IKW30N60H3: the grid current in green,
the grid voltage in red, and the DC voltage in blue.
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Figure 4.60: Current grid of the digital simulation with IKW30N60H3

In Figure 4.60, it can be seen, like with analogue simulations, that the waveform is distorted.

Using the formula 4.16, the dead time was obtained and with it, the results shown in Figures

4.61 and 4.62 were obtained.

400
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-200

-400

i_grid v_grid vdc

Time (s)

Figure 4.61: Waveforms of the digital simulation with IKW30N60H3 and dead time: the grid
current in green, the grid voltage in red, and the DC voltage in blue.

In Figure 4.62, it can be seen that the distortion has greatly diminished in comparison with

before. Figure 4.63 provides a clearer view by displaying the currents both with and without dead

time.

4.3.7.2 Simulation with BIDNW30N60H3

Using the values in the datasheet [34], the circuit was simulated with four BIDNW30N60H3
instead of ideal IGBTs. The results are shown in Figure 4.64 and Figure 4.65.
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Figure 4.62: Current grid of the simulation with IKW30N60H3 and dead time.
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Figure 4.63: Comparison of the grid currents of the simulation with IKW30N60H3 with dead
time, in red, and without it, in green.

In Figure 4.65, it can be seen that, like with IKW30N60H3, the waveform shows distortions

in the waveform.

Adding dead time and simulating with it, the results shown in Figures 4.66 and 4.67 were

obtained.

In Figure 4.67, it can be seen that the distortion has greatly diminished in comparison with
before. Figure 4.68 provides a clearer view by displaying the currents both with and without dead

time.

4.3.8 Case 7 - Simulations with MOSFETSs

This subsection employs non-ideal MOSFETs for the simulations, replacing the ideal IGBTs.
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Figure 4.64: Waveforms of the digital simulation with BIDNW30N60H3: the grid current in
green, the grid voltage in red, and the DC voltage in blue.
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Figure 4.65: Current grid of the digital simulation with BIDNW30N60H3

4.3.8.1 Simulation with IPZ60R040C7

Using the values in the datasheet [35], the circuit was simulated with four IPZ60R040C7 instead
of ideal IGBTs. The results are shown in Figure 4.69 and Figure 4.70.

In Figure 4.70, it can be seen that, like for the IGBTs, the waveform shows distortions in the

waveform.

Adding dead time and simulating with it, the results shown in Figures 4.71 and 4.72 were

obtained.
In Figure 4.72, it can be seen that the distortion has greatly diminished in comparison with

before. Figure 4.73 provides a clearer view by displaying the currents both with and without dead

time.
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Figure 4.66: Waveforms of the digital simulation with BIDNW30N60H3 and dead time: the grid
current in green, the grid voltage in red, and the DC voltage in blue.
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Figure 4.67: Current grid of the simulation with BIDNW30N60H3 and dead time.

4.3.8.2 Simulation with IXTH30N60L2

Using the values in the datasheet [36], the circuit was simulated with four IXTH30N60L?2 instead
of ideal IGBTs. The results are shown in Figure 4.74 and Figure 4.75.

In Figure 4.75, it can be seen that, like for the IPZ60R040C7, the waveform shows distortions
in the waveform.

Adding dead time and simulating with it, the results shown in Figures 4.76 and 4.77 were
obtained.

In Figure 4.77, it can be seen that the distortion has greatly diminished in comparison with

before. Figure 4.78 provides a clearer view by displaying the currents with and without dead time.
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Figure 4.68: Comparison of the grid currents of the simulation with BIDNW30N60H3 with dead
time, in red, and without it, in green.
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Figure 4.69: Waveforms of the digital simulation with IPZ60R040C7: the grid current in green,
the grid voltage in red, and the DC voltage in blue.
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Figure 4.70: Current grid of the digital simulation with IPZ60R040C7
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Figure 4.71: Waveforms of the digital simulation with IPZ60R040C7 and dead time: the grid
current in green, the grid voltage in red, and the DC voltage in blue.
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Figure 4.72: Current grid of the simulation with IPZ60R040C7 and dead time.
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Figure 4.73: Comparison of the grid currents of the simulation with IPZ60R040C7 with dead time,
in red, and without it, in green.
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Figure 4.74: Waveforms of the digital simulation with IXTH30N60L2: the grid current in green,
the grid voltage in red, and the DC voltage in blue.
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Figure 4.76: Waveforms of the digital simulation with IXTH30N60L2 and dead time: the grid
current in green, the grid voltage in red, and the DC voltage in blue.
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Figure 4.77: Current grid of the simulation with IXTH30N60L?2 and dead time.
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Figure 4.78: Comparison of the grid currents of the simulation with IXTH30N60L2 with dead
time, in red, and without it, in green.

4.4 Analysis and Comparison of the Results

In this section, the results of the simulations will be compared and analysed.

4.4.1 IGBT vs MOSFET

Here, the simulations with IGBTs will be compared with the simulations with MOSFETS to decide

which of the two is better for the converter.

4.4.1.1 Advantages and Disadvantages of IGBTs and MOSFETSs

MOSFETs are renowned for their efficiency in switching and amplification, making them popular
for low- and medium-power applications. Their appeal lies in their fast switching capabilities
and ease of control. Meanwhile, IGBTs combine the high-voltage capabilities of bipolar junction

transistors (BJTs) with MOSFETSs’ rapid switching speeds and low input power requirements.
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As illustrated in Figure 4.79, both MOSFETs and IGBTs are viable options for converters
operating at a switching frequency of 10 kHz and an output capacity of 3,680KVA. Table 4.1
summarises the features of both IGBTs and MOSFETs. The table highlights that IGBTs offer
advantages in high voltage and current capacity but suffer from slower switching speeds and higher
losses. Conversely, MOSFETs excel in fast switching, though they incur higher conduction losses

at high voltages.
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Figure 4.79: Range of Operation of several switching transistors.
Table 4.1: Comparison between IGBT and MOSFET.
Feature [ IGBT \ MOSFET \
Voltage Range 600V - 6,5kV 20V - 1000V
Current Range High (hundreds of amps) Moderate to high (tens to hundreds)
o Moderate (up to 50kHz, with some going .
Switching Speed ||\ 1 00kHz like IXYS IXGH30N60C3D1) High (up to MHz range)
. Lower (due to lower collector-emitter Higher (due to drain-source on-state
Conduction Losses . .
saturation voltage (VcE(sar))) resistance (Rpson)))
Switching Losses Higher (slower switching) Lower (faster switching)

4.4.1.2 Simulations Comparison

Here, the waveforms obtained from IGBTs and MOSFETSs simulations will be compared.
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Figure 4.80 is the comparison between the grid currents of the IGBT IKW30N60H3 and the
MOSFET IPZ60R040C7. Here, it can be seen that both waveforms are very similar, with the
IKW30N60H3 having a higher amplitude than the IPZ60R040C7.

Figure 4.81 is the comparison between the DC voltage of the IGBT IKW30N60H3 and the
MOSFET IPZ60R040C7. Here, it can be seen that before ¢ = 0, 16s the value of the amplitude of
the IPZ60R040C?7 is higher than the one from IKW30N60H3. After ¢t = 0, 16s the waveform of
IKW30N60H3 is the same as the one from IPZ60R040C7.

i_grid i_grid_(DC-AC Converter Digital - IPZ6ORO40C7 - dead time)

15 AN N N

10 / / /
/ N\ r4 N\ J/

SRR /- \ / \ /

-20

0.64 0.65 0.66 0.67 0.68 0.69

Time (s)

Figure 4.80: Comparison between the grid currents obtained from IKW30N60H3, in green, and
IPZ60R040C7, in red
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Figure 4.81: Comparison between the DC voltage obtained from IKW30N60H3, in green, and
IPZ60R040C7, in red

Figure 4.82 is the comparison between the IGBT IKW30N60H3 and the MOSFET IXTH30N60L2.
Here, it can be seen that both waveforms are almost the same, with the differences being almost

negligible.
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Figure 4.83 is the comparison between the DC voltage of the IGBT IKW30N60H3 and the
MOSFET IXTH30N60L2. Here, it can be seen that before r = 0,07 the value of the amplitude of
the IXTH30NO60L?2 is higher than the one from IKW30N60H3. After t = 0,07s the waveform of
IKW30N60H3 is the same as the one from IXTH30N60L2.
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Figure 4.82: Comparison between the grid currents obtained from IKW30N60H3, in green, and
IXTH30N60L2, in red
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Figure 4.83: Comparison between the DC voltage obtained from IKW30N60H3, in green, and
IXTH30N60L2, in red

Figure 4.84 is the comparison between the IGBT BIDNW30N60H3 and the MOSFET IPZ60R040C7.
Here, it can be seen that both waveforms are almost the same, with the difference being that
the amplitude of the waveform of BIDNW30N60H3 is slightly bigger than the waveform of
IPZ60R040C7.

Figure 4.85 is the comparison between the DC voltage of the IGBT BIDNW30N60H3 and the
MOSFET IPZ60R040C7. Here, it can be seen that before ¢ = 0, 1s the value of the amplitude of
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the IPZ60R040C7 is higher than the one from BIDNW30N60H3. After ¢ = 0, 1s the waveform of
BIDNW30N60H3 is the same as the one from IPZ60R040C7.
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Figure 4.84: Comparison between the grid currents obtained from BIDNW30N60H3, in green,
and IPZ60R040C7, in red
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Figure 4.85: Comparison between the DC voltage obtained from BIDNW30N60H3, in green, and
IPZ60R040C7, in red

Figure 4.86 is the comparison between the IGBT BIDNW30N60H3 and the MOSFET IXTH30N60L2.Here,
it can be seen that both waveforms are almost the same, with the differences being almost negligi-
ble.

Figure 4.87 is the comparison between the DC voltage of the IGBT BIDNW30N60H3 and the
MOSFET IXTH30N60L2. Here, it can be seen that before ¢ = 0, 1s the value of the amplitude of
the IXTH30N60L?2 is higher than the one from BIDNW30N60H3. After r =0, 1s the waveform of
BIDNW30N60H3 is the same as the one from IXTH30N60L2.
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Figure 4.86: Comparison between the grid currents obtained from BIDNW30N60H3, in green,
and IXTH30N60L?2, in red
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Figure 4.87: Comparison between the DC voltage obtained from BIDNW30N60H3, in green, and
IXTH30N60L?2, in red

4.4.1.3 Results Discussion

Based on the simulations, the DC voltage waveforms between IGBTs and MOSFETs exhibit minor
differences, primarily noticeable at the waveform’s onset. However, the most significant distinc-
tion lies in the grid current, where IGBTs generally showed higher absolute amplitudes compared
to MOSFETs, except for the IGBT BIDNW30N60H3, which yielded results close to those of
MOSFETs.

The primary differentiating factor between the used IGBTs and MOSFETs ultimately comes
down to cost. The prices for the components are as follows: IKW30N60H3 costs 3.07€ [37],
BIDNW30N60H3 costs 3.49€ [38], IPZ60R040C7 costs 7.60€ [39], and IXTH30N60L2 costs
18.42€ [40]. Considering these prices and the simulation results, the IGBT BIDNW30N60H3
appears to be the optimal choice for the converter application.
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4.4.2 Analogue vs Digital

Here, the results of the analogue simulations will be compared with their digital counterparts for
each respective case.

4.4.2.1 Comparison of Case 1

The waveforms obtained from both the analogue and digital simulations for case 1 were highly

similar to each other, as depicted in Figure 4.88 and Figure 4.89.
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Figure 4.88: Comparison between the grid current of the analogue simulation, in green, and the
grid current of the digital simulation, in red, for case 1.
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Figure 4.89: Comparison between the DC voltage of the analogue simulation, in green, and the
DC voltage of the digital simulation, in red, for case 1.

Figure 4.90 shows a zoomed version of the initial deciseconds of the Figure 4.88, and here it

can be seen that from Os to 0,015 the absolute value of the amplitude of the current of the digital
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simulation is bigger than the one from the analogue simulation, from 0,015 to 0, 15 the absolute
value of the amplitude of the current in the digital simulation is lower compared to the one from

the analogue simulation. After 0, 1s, both waveforms align closely.
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Figure 4.90: Zoom of Figure 4.88

Figure 4.91 is a zoomed version of the initial deciseconds of the Figure 4.89, the DC voltage
of the digital simulation is bigger than the one from the analogue simulation from Os to 0, 13s,
then from 0, 13s to 0,3s the DC voltage of the digital simulation is smaller than the one from the

analogue simulation. After 0,3s the waveforms overlap each other.
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Figure 4.91: Zoom of Figure 4.89

One reason for differences in the waveforms could be attributed to the digital control passing
through a Zero-Order Hold (ZOH), which samples data every ms (with a sampling frequency
of 10000). This introduces delays in the control process. Figure 4.92 displays the phase angle
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obtained from the PLL for both analogue and digital simulations. Upon closer inspection in Fig-
ure 4.93, it becomes apparent that the digital angle is delayed compared to the analogue angle.
Figure 4.94 provides a zoomed-in view of the data box from Figure 4.93, showing that the delay

is approximately 99ns, which closely aligns with the ﬁs sampling interval.
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Figure 4.92: Comparison between the phi of the analogue simulation, in green, and the phi of the
digital simulation, in red.
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Figure 4.93: Zoom of Figure 4.92
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Figure 4.94: Zoom of data box shown in Figure 4.93
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Another factor contributing to differences is the behaviour of the ZOH, which retains sampled
values until the next sampling point (as illustrated in Figure 4.95). This characteristic can lead the
control system to smooth out noise in waveforms, as evident in Figure 4.96, where i, and iz in the
digital simulation approximate i, and ig in the analogue simulation, but without the noise. This
smoothing effect can introduce slight discrepancies in the control waveforms between analogue

and digital simulations.
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Figure 4.95: DC voltage, in red, and DC voltage after passing through the ZOH, in blue.
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Figure 4.96: Waveforms of i, and ig for the digital simulation, in red and blue respectively, and
for the analogue simulation, in green and orange respectively.

4.4.2.2 Comparison of Case 2

The waveforms obtained from the analogue and digital simulations for case 2, were very similar

to each other, as shown in Figure 4.97 and 4.98.
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Figure 4.97: Comparison between the grid current of the analogue simulation, in green, and the

grid current of the digital simulation, in red, for case 2.
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Figure 4.98: Comparison between the DC voltage of the analogue simulation, in green, and the

DC voltage of the digital simulation, in red, for case 2.

Figure 4.99 shows a zoomed version of the initial deciseconds of the Figure 4.97, and here it
can be seen that from Os to 0,006s, from 0,017s to 0,02s, from 0,24s to 0,025s, from 0,27s to
0,035 and 0,365 to 0,25 the absolute value of the amplitude of the current in the digital simulation
is bigger than the one from the analogue simulation, from 0,006s to 0,017s, from 0,02s to 0,024,
from 0,025s to 0,027s and 0,03s to 0,036s the absolute value of the amplitude of the current in

the digital simulation is smaller than the one from the analogue simulation and after the 0,2s both

waveforms are the same.
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Figure 4.99: Zoom of Figure 4.97.

Figure 4.100 is a zoomed version of the initial deciseconds of the Figure 4.98, the DC voltage
of the digital simulation is bigger than the one from the analogue simulation from Os to 0,165s,
then from 0, 1655 to 0,4s the DC voltage of the digital simulation is smaller than the one from the

analogue simulation. After 0,4s the waveforms overlap each other.
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Figure 4.100: Zoom of Figure 4.98

4.4.2.3 Comparison of Case 3

The waveforms obtained from the analogue and digital simulations for case 3, were very similar

to each other, as shown in Figure 4.101 and 4.102.
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Figure 4.101: Comparison between the grid current of the analogue simulation, in green, and the

grid current of the digital simulation, in red, for case 3.
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Figure 4.102: Comparison between the DC voltage of the analogue simulation, in green, and the

DC voltage of the digital simulation, in red, for case 3.

Figure 4.103 shows a zoomed version of the initial deciseconds of the Figure 4.101, and here it

can be seen that from Os to 0,006s the absolute value of the amplitude of the current in the digital

simulation is bigger than the one from the analogue simulation, from 0,006s to 0,043s and 0,09s

to 0,26s the absolute value of the amplitude of the current in the digital simulation is smaller than

the one from the analogue simulation and from and 0,043s to 0,09s after the 0,2s both waveforms

are the same.
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Figure 4.103: Zoom of Figure 4.101.

Figure 4.104 is a zoomed version of the initial deciseconds of the Figure 4.102, the DC voltage
of the digital simulation is bigger than the one from the analogue simulation from Os to 0,165,
then from 0, 165s to 0,38s the DC voltage of the digital simulation is smaller than the one from
the analogue simulation. After 0,38s the waveforms overlap each other.

vdc vdc_(DC-AC Converter Digital - alternate resistor)

se0 AWV AN
A

390 A /\ﬁ\f VA v

380

370

360

350 \f‘

340

Time (s)

Figure 4.104: Zoom of Figure 4.102.

4.4.2.4 Comparison of Case 4

The waveforms obtained from the analogue and digital simulations for case 4, were very similar

to each other, as shown in Figure 4.105 and 4.106.
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Figure 4.105: Comparison between the grid current of the analogue simulation, in green, and the
grid current of the digital simulation, in red, for case 4.
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Figure 4.106: Comparison between the DC voltage of the analogue simulation, in green, and the
DC voltage of the digital simulation, in red, for case 4.

Figure 4.107 shows a zoomed version of the initial deciseconds of the Figure 4.105, and here it
can be seen that from Os to 0,006s the absolute value of the amplitude of the current in the digital
simulation is bigger than the one from the analogue simulation, from 0,006s to 0,043s and 0,09s
to 0,24s the absolute value of the amplitude of the current in the digital simulation is smaller than
the one from the analogue simulation and from and 0,043s to 0,09s after the 0,2s both waveforms

are the same.
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Figure 4.107: Zoom of Figure 4.105.

Figure 4.108 is a zoomed version of the initial deciseconds of the Figure 4.106, the DC voltage
of the digital simulation is bigger than the one from the analogue simulation from Os to 0,165,
then from 0, 1655 to 0,38s the DC voltage of the digital simulation is smaller than the one from
the analogue simulation. After 0,38s the waveforms overlap each other.
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Figure 4.108: Zoom of Figure 4.106.

4.4.2.5 Comparison of Case 5

The waveforms obtained from the analogue and digital simulations for case 5, were very similar

to each other, as shown in Figure 4.109 and 4.110.
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Figure 4.109: Comparison between the grid current of the analogue simulation, in green, and the
grid current of the digital simulation, in red, for case 5.
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Figure 4.110: Comparison between the DC voltage of the analogue simulation, in green, and the
DC voltage of the digital simulation, in red, for case 5.

Figures 4.111, 4.112 and 4.113 shows a zoomed versions of the Figure 4.109, from Os to 0, 3s,
0,25 to 0,7s and 0,65 to 1s respectively. From these Figures, it can be seen that from 0,26s to
0,7s the absolute value of the amplitude of the current in the digital simulation is bigger than the
one from the analogue simulation, from 0,7s to 0,91s the absolute value of the amplitude of the
current in the digital simulation is smaller than the one from the analogue simulation. From 0,071s
to 0,265 the waveforms are distorted and the absolute value of the amplitude of the current in the
digital simulation is smaller in relation to one from the analogue simulation in these distortions.

Both waveforms are the same from Os to 0,071s and after 0,91s.
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Figure 4.111: Zoom of Figure 4.109 from Os to 0,3s.
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Figure 4.112: Zoom of Figure 4.109 from 0,2s to 0,7s.

Figures 4.114 and 4.115 are a zoomed versions of the Figure 4.110 from 0,02s to O, 1s and
0,55 to 1,2s respectively. The DC voltage of the digital simulation is bigger than the one from
the analogue simulation from 0,027s to 0,88s, then from 1,18s to 1,49s the DC voltage of the
digital simulation is smaller than the one from the analogue simulation. The waveforms overlap
each other before the 0,027s and after the 1,09s.

4.4.2.6 Results Discussion

With the simulations, it can be concluded that the digital control is working as it was supposed to

since the results obtained with digital control are similar to those obtained with analogue control.
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Figure 4.115: Zoom of Figure 4.110 from 0,5s to 1,2s
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4.5 Summary

This chapter focused on the modelling and simulation of the proposed bidirectional converter
for the UPWIND project. It detailed the development of the converter’s model, including the LCL
filter and d-q transformation. The chapter presented simulations for both analogue and digital con-
trol, addressing various operational scenarios such as normal operation with load, current source,
and alternate load. The results were compared to determine the effectiveness of the proposed

system under different conditions.
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Chapter 5

Conclusion and Future Work

5.1 Main Conclusions

This dissertation has successfully demonstrated the design and simulation of a bidirectional con-
verter using PSIM. The converter exhibited effective dynamic response, and robust bidirectional
operation in simulations. While the findings provide valuable insights into the converter’s per-
formance, further research and real-world testing are necessary to fully realize its potential in

practical applications.

5.2 Future Work

While the development of the bidirectional converter presented in this dissertation has achieved
significant results in terms of theoretical design and initial simulations, several critical tasks remain
unaddressed. To realize the full potential of the converter, the following areas require further

attention:

o Testing of SiC and GaN Transistors - Testing SiC and Gan transistors through simulations
and comparing them with IGBTs and MOSFETs.

e Implementation of the control circuit in programming code - Implementing the control
circuit done in the simulations into code so that it can be integrated with the hardware setup

to be implemented.

e Hardware Implementation and Testing - Development of a physical prototype of the
bidirectional converter based on the final design specifications. Verification of basic func-
tionality and identification of any initial issues by carefully powering up the hardware pro-
totype. Execution of a series of rigorous tests to validate the performance, reliability, and
safety of the converter. These tests include functional testing, performance testing, and
stress and safety testing. And based on the test results, make iterations to the hardware

design to address any issues, improve efficiency, and enhance reliability.
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