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RESUMO

Esta disserta�c~ao apresenta um estudo comparativo sobre ae�c�acia de diversas estrat�egias
de controle aplicadas a um inversor monof�asico de dois est�agios, conectado �a rede el�etrica e
integrado a uma bateria. As t�ecnicas de controle analisadas incluem: controle PI em cascata
para conversores CC-CC e CC-CA, controle PI no dom��nio dq, controle por realimenta�c~ao
linearizante e controle preditivo baseado em modelo com conjunto �nito de controle. O obje-
tivo �e avaliar as estrat�egias de controle para sistemas decarregamento de ve��culos el�etricos
com integra�c~ao da tecnologiaVehicle-to-Grid(Ve��culo para a Rede), utilizando m�etricas de
desempenho para assegurar a e�ciência e e�c�acia desses sistemas na moderniza�c~ao das redes
el�etricas. A avalia�c~ao das estrat�egias de controle �e conduzida por meio de m�etricas de desem-
penho, como erro m�edio quadr�atico, margem de fase, distor�c~ao harmônica total e e�ciência.
Os controladores s~ao analisados quanto �a sua resposta a dist�urbios de energia e a diferentes
modos operacionais, incluindo carregamento de bateria e fornecimento de energia para a rede.
As estrat�egias de controle foram validadas por meio de simula�c~aoHardware-In-the-Loop(HIL),
utilizando um Typhoon HIL 402.

Palavras-chave: Controle PI cascata; Controle por realimenta�c~ao linearizante; controle no
dom��nio dq; controle preditivo baseado em modelo com conjunto �nito de controle; inversor
monof�asico de dois est�agios.



RESUMO EXPANDIDO

Introdu�c~ao
Conversores de eletrônica de potência s~ao essenciais para adaptar a energia el�etrica em diver-
sas aplica�c~oes, como aparelhos dom�esticos, integra�c~ao de energias renov�aveis e sistemas de
armazenamento. Eles operam em diferentes tipos, como AC-DC, DC-AC, DC-DC e AC-AC, e
s~ao usados para modi�car tens~ao e frequência, otimizando a e�ciência dos sistemas de energia.
Esses dispositivos s~ao fundamentais para melhorar a e�ci^encia energ�etica e possibilitar o de-
senvolvimento de tecnologias inovadoras, como o armazenamento de energia e a integra�c~ao de
fontes renov�aveis (SIWAKOTI; FOROUZESH; PHAM, 2018). Os sistemas de armazenamento
de energia, como os sistemas de baterias, s~ao essenciais para modernizar as redes el�etricas,
oferecendo benef��cios como a redu�c~ao de picos de demandae a melhoria da qualidade da ener-
gia. Esses sistemas utilizam interfaces eletrônicas de potência para controlar o 
uxo de energia
e ajustar as formas de onda de tens~ao e corrente (LENZ et al.,2017). Entre suas aplica�c~oes,
destaca-se o carregamento de ve��culos el�etricos. Os sistemas de equipamentos de fornecimento
de ve��culos el�etricos (EVSE) s~ao essenciais para o carregamento das baterias dos ve��culos, sendo
fundamentais para a ado�c~ao em larga escala dos ve��culos el�etricos (AJANOVIC, 2015). Com
os avan�cos nas tecnologias de armazenamento de energia e a crescente integra�c~ao dos ve��culos
el�etricos nas redes inteligentes, surge a necessidade de explorar novas funcionalidades para
aprimorar o valor e a e�c�acia desses sistemas. A tecnologiaVehicle-to-Grid (V2G) permite que
as baterias dos ve��culos el�etricos forne�cam energia de volta para a rede el�etrica, transformando
os sistemas EVSE em plataformas bidirecionais. Essa funcionalidade melhora a estabilidade
da rede, o gerenciamento de demanda e a integra�c~ao de fontes de energia renov�avel. Para
suportar o V2G, os sistemas EVSE precisam de interfaces eletrônicas avan�cadas para gerenciar
e�cientemente o 
uxo bidirecional de energia, al�em de sistemas de controle e comunica�c~ao para
coordenar o EVSE, o ve��culo e a rede (TAN; RAMACHANDARAMURTHY; YONG, 2016). A
integra�c~ao do V2G melhora a e�ciência da rede, maximiza autilidade das baterias e impulsiona
a infraestrutura de mobilidade el�etrica, alinhando-se com metas de redu�c~ao de emiss~oes e
e�ciência energ�etica.

Objetivos
A disserta�c~ao tem como objetivo principal avaliar e otimizar estrat�egias de controle para sis-
temas bidirecionais de carregamento de ve��culos el�etricos com integra�c~ao da tecnologia V2G.
O estudo concentra-se em um sistema de carregamento de baterias de ��ons de l��tio em dois
est�agios, composto por uma etapa DC-DC e uma etapa DC-AC monof�asica, bidirecional e
conectada �a rede. As estrat�egias de controle s~ao implementadas e avaliadas por meio de
simula�c~oes em tempo real utilizando HIL, aplicando m�etricas de desempenho para analisar
a e�ciência e a e�c�acia desses sistemas na moderniza�c~aodas redes el�etricas. Os objetivos
espec���cos incluem: (i) comparar estrat�egias de controle aplicadas a inversores monof�asicos
de dois est�agios conectados �a rede com integra�c~ao de bateria, (ii) avaliar a efetividade dessas
estrat�egias por meio de m�etricas de desempenho, como errom�edio quadr�atico (MSE), margem
de fase (PM), distor�c~ao harmônica total (THD) e e�ciência, (iii) analisar a resposta dos con-
troladores a dist�urbios de carga e modos operacionais, incluindo carregamento e fornecimento
de energia da bateria para a rede, e (iv) desenvolver e implementar um modelo de simula�c~ao
para validar as estrat�egias de controle em cen�arios operacionais reais.

Metodologia



A simula�c~ao HIL �e uma ferramenta amplamente utilizada para o desenvolvimento e valida�c~ao
de sistemas de eletrônica de potência, especialmente em tecnologias EVSE e V2G, permitindo
testes em tempo real de algoritmos de controle e desempenho com hardware real em ambiente
virtual, o que possibilita uma avalia�c~ao segura e econômica sem a necessidade de um prot�otipo
completo (KHAN, A. et al., 2017). A plataforma Typhoon HIL, conhecida pela �delidade nas
simula�c~oes, oferece modelagem detalhada e emula�c~ao precisa de conversores de eletrônica de
potência. Al�em disso, ��ndices de desempenho, como o MSE,PM, THD e e�ciência, s~ao essenci-
ais para comparar e otimizar t�ecnicas de controle, garantindo precis~ao de controle, estabilidade
do sistema, qualidade da energia e e�ciência operacional,o que orienta a escolha de solu�c~oes
equilibradas entre as necessidades dos usu�arios e a sustentabilidade econômica dos ve��culos
el�etricos.

Resultados e Discuss~ao
Nesta disserta�c~ao, foram avaliadas cinco estrat�egias de controle utilizando m�etricas de de-
sempenho como MSE, PM, THD e e�ciência. A t�ecnica FCS-MPC, apesar de ser de f�acil
implementa�c~ao, obteve os maiores valores de MSE e THD, o que indicou menor precis~ao e
maior distor�c~ao nas correntes injetadas na rede el�etrica. Embora haja propostas para melhorar
a implementa�c~ao do FCS-MPC na literatura, elas n~ao foramexploradas neste trabalho, mas
s~ao previstas para futuras pesquisas. Al�em disso, foi destacado que as m�etricas de desempenho
por si s�o n~ao s~ao su�cientes para avaliar o desempenho global das estrat�egias de controle em
conversores DC-AC. Isso se deve �a vulnerabilidade dos inversores conectados �a rede a dist�urbios
como quedas de tens~ao, varia�c~oes de frequência (RoCoF)e mudan�cas no ângulo de fase, que
podem comprometer o desempenho do inversor. Portanto, trabalhos futuros envolver~ao simu-
la�c~oes em tempo real para avaliar a resposta do inversor a esses dist�urbios, visando garantir
sua imunidade e melhorar a robustez frente �as varia�c~oes da rede el�etrica.

Palavras-chave: Controle PI cascata; Controle por realimenta�c~ao linearizante; controle no
dom��nio dq; controle preditivo baseado em modelo com conjunto �nito de controle; inversor
monof�asico de dois est�agios.



ABSTRACT

This dissertation presents a comparative study on the e�ectiveness of various control strategies
applied to a two-stage single-phase inverter connected to the grid, with integrated battery
storage. The control techniques analyzed include: cascaded PI control for DC-DC and DC-AC
converters, PI control in the dq domain, Feedback Linearization Control, and Finite Control Set
Model Predictive Control. The primary objective is to assess control strategies for electric vehicle
charging systems with Vehicle-to-Grid integration, usingperformance metrics to ensure the
e�ciency and e�ectiveness of these systems in modernizing electrical grids. The e�ectiveness
of the control strategies is evaluated using performance metrics such as mean squared error,
phase margin, total harmonic distortion, and e�ciency. Thecontrollers are evaluated based
on their response to energy disturbances and operational modes, including battery charging
and power supply to the grid. The validation of control strategies was conducted through
Hardware-In-the-Loop simulation using a Typhoon HIL 402.

Keywords: Cascade PI control; Linearizing feedback control; dq-domain control; model-based
predictive control with �nite control set; single-phase two-stage inverter.
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1 INTRODUCTION

Power electronics converters are important in various applications, from small electronic
devices to large-scale power systems. By utilizing semiconductor switches operating at various
frequencies, these converters are essential for adapting electrical energy in di�erent contexts.
There are various types of converters, such as AC-DC, DC-AC,DC-DC, and AC-AC, each
suitable for speci�c applications, including household appliances, renewable energy integration,
motor drives, and energy harvesting systems. Additionally, converters can modify the voltage
or frequency of electrical energy, with AC-AC converters used to transform alternating current
sources and DC-DC converters employed to maximize the energy e�ciency of power processing
systems. These devices not only improve energy e�ciency butalso enable the development of
innovative technologies, such as integrating renewable sources and energy storage (SIWAKOTI;
FOROUZESH; PHAM, 2018).

In the current context, energy storage has become an essential component for modern-
izing electrical grids. Indeed, energy storage systems (ESS) provide a wide range of services to
the grid, such as peak demand reduction, improved power quality, and enhanced grid reliabil-
ity. Most of these storage technologies, particularly battery energy storage systems (BESS),
require a power electronic interface composed of solid-state switching devices. This interface is
responsible for controlling the energy 
ow and converting the voltage and current waveforms
necessary to ensure the proper functioning of the system (LENZ et al., 2017). Among the
various applications of ESS, the �eld of charging electric vehicles stands out.

Electric vehicle supply equipment (EVSE) systems play a pivotal role in this context,
providing the necessary energy for charging vehicle batteries. These systems are crucial for
the widespread adoption of electric vehicles, ensuring a reliable energy source for the charging
process (AJANOVIC, 2015). However, with advancements in energy storage technologies and
the increasing integration of electric vehicles into smartgrids, there is a pressing need to explore
additional functionalities that enhance the value and e�ectiveness of these systems.

One of these features is vehicle-to-grid (V2G) technology,which allows electric vehicle
batteries to supply power back to the electrical grid, transforming the EVSE into a bidirectional
platform. This functionality enhances grid stability, demand management, and integration of
renewable energy sources. To support V2G, EVSE must incorporate advanced capabilities for
charging and discharging, requiring a sophisticated powerelectronic interface for managing
bidirectional energy 
ow e�ciently. Additionally, V2G implementation demands control and
communication systems to properly coordinate the EVSE, vehicle, and grid. Integrating V2G
with EVSE enhances charging systems, contributes to grid e�ciency, maximizes battery use-
fulness, and advances energy management and electric mobility infrastructure in line with
emission reduction and energy e�ciency goals (TAN; RAMACHANDARAMURTHY; YONG,
2016). Given the complexity and importance of these systems, thorough testing and validation
are essential.

To achieve this, Hardware-In-the-Loop (HIL) simulation isa widely used tool for devel-
oping and validating power electronics systems, especially for EVSE and V2G technologies. It
enables real-time testing of control algorithms and systemperformance using actual hardware
in a virtual environment, o�ering a safe and cost-e�ective way to evaluate complex systems
without a complete prototype (KHAN, A. et al., 2017). Typhoon HIL is a platform renowned
for its high-�delity simulation capabilities, providing detailed modeling and precise emulation
of power electronics converters.

In addition to the advancements provided by HIL simulation,performance indices are
key tools for comparing and optimizing control techniques.Metrics such as Mean Squared
Error (MSE), Phase Margin (PM), Total Harmonic Distortion (THD), and e�ciency are used
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to assess and re�ne strategies for bidirectional charging systems. MSE re
ects control accuracy,
while phase margin supports system stability. THD helps maintain energy quality and minimizes
the impact on the power grid, and e�ciency in
uences cost, operational performance, and
energy management of the EVSE. Together, these metrics facilitate the evaluation of di�erent
approaches, guiding the selection of solutions that balance user needs with the economic
sustainability of electric vehicles.

1.1 JUSTIFICATION

The increasing demand for e�cient energy solutions and integrating electric vehicles
into smart grid infrastructures underscores the signi�cance of ESS and EVSE (MWASILU et al.,
2014). With advancements in storage technologies, such as lithium-ion batteries, and the
pressing need to reduce carbon emissions, the e�ciency and e�ectiveness of charging systems
have become crucial. In this context, power electronics converters play a vital role, facilitating
the adaptation of electrical energy for diverse applications and optimizing the integration of
storage systems (LI et al., 2018; BLAABJERG et al., 2006).

As technologies evolve, so does the complexity of the systems required to ensure the ef-
�cient and sustainable operation of these devices (HANNAN et al., 2017). The V2G technology
is a signi�cant innovation that allows electric vehicle batteries to not only receive energy but
also return it to the electrical grid, thereby enhancing grid stability and demand management
(MWASILU et al., 2014; YILMAZ; KREIN, 2012). For these systems to function e�ectively, pre-
cise control and ongoing performance evaluation of EVSE areimperative (CABRERA-TOBAR
et al., 2022).

Therefore, evaluating and optimizing control strategies for bidirectional EVSE systems
is imperative. A comprehensive analysis of performance metrics, including MSE, PM, THD, and
e�ciency, is essential for identifying the most e�ective approaches to enhance the operation
of EVSE. Consequently, this contributes signi�cantly to the operational e�ciency of modern
electrical grids (KHAN, M. A. et al., 2015).

1.2 GENERAL OBJECTIVE

The main objective of this thesis is to evaluate and optimizecontrol strategies for
bidirectional electric vehicle charging systems with V2G integration. The study focuses on a
two-stage lithium-ion battery charging system consistingof a DC-DC stage and a DC-AC stage,
which is single-phase, bidirectional, and grid-connected. Control strategies are implemented
and evaluated using real-time simulations using HIL, employing performance metrics to assess
the e�ciency and e�ectiveness of these systems in modernizing electrical grids.

1.3 SPECIFIC OBJECTIVES

ˆ Compare control strategies applied to single-phase, two-stage inverters connected to the
grid with battery integration.

ˆ Assess the e�ectiveness of control strategies using performance metrics such as MSE,
PM, THD, and e�ciency.

ˆ Analyze the response of the controllers to load power disturbances and operational modes,
including battery charging and battery-to-grid energy delivery.
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ˆ Develop and implement a simulation model to validate control strategies and evaluate
their performance in real-world operating scenarios.

1.4 WORK STRUCTURE

The introduction emphasizes the signi�cance of power electronics converters in various
applications, underscoring their essential role as interfaces in ESS and EVSE. It also discusses
V2G technology, which enables bidirectional energy 
ow, enhancing grid stability and facilitating
the integration of renewable energy sources. Evaluating EVSE performance using metrics such
as MSE, PM, THD, and e�ciency is crucial for optimizing bidirectional charging strategies.
The subsequent chapters are organized as follows:

Chapter 2 { Two-stage single-phase inverters: this chapter examines di�erent
topologies of single-phase inverters for grid-integratedbattery energy storage systems. In
particular, an interleaving two-stage inverter, which comprises an interleaved bidirectional
converter and a full-bridge single-phase inverter connected to the grid, is adopted to evaluate
di�erent control strategies. The modeling of this converter is presented, focusing on the
phase-shifted carrier modulation strategy and its e�ects.Subsequently, the system modeling
is validated in the time domain. Additionally, this chapterexplores the operating modes of
grid-connected inverters, emphasizing the application ofsinusoidal pulse width modulation
(SPWM).

Chapter 3 { Strategies for controlling two-stage inverters: after modeling the
converter, �ve control strategies are detailed: Cascaded linear PI control for both DC-DC or
DC-AC stages, PI control in dq coordinates, Finite control set - Model predictive control (FCS-
MPC), and Feedback linearization Control (FLC). The chapter also discusses the Phase-locked
loop (PLL), which is the algorithm responsible for grid synchronization.

Chapter 4 { Real-time HIL Results: after detailing each control technique, this
chapter presents the real-time results obtained through Hardware-in-the-Loop simulation.

Chapter 5 { Conclusions: this chapter summarizes the main research �ndings, high-
lighting the advantages and disadvantages of each control technique and their practical impli-
cations. Additionally, directions for future work are suggested.

1.5 PUBLICATIONS

During the master degree, an article was published at a conference:
YAMAGUTI, N. N.; PAGANO, D. J.; DA SILVA, C. E. M. Feedback Linearization

Control of a Grid-Connected Two-Stage Single-Phase Inverter. In: 2023 IEEE 8TH SOUTHERN
POWER ELECTRONICS CONFERENCE (SPEC). Florian�opolis: IEEE, 2023. P. 1{8.

And I also co-authored another conference paper:
PATARROYO-GUTIERREZ, L. D. et al. Single inductor dual buckinverter classical

and predictive linear voltage controller comparison. In: 2023 IEEE 8TH SOUTHERN POWER
ELECTRONICS CONFERENCE (SPEC). Florian´ opolis: IEEE, 2023. P. 1{5
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2 TWO-STAGE SINGLE-PHASE INVERTERS

This chapter presents the power electronics converter architectures used in BESS
connected to the electrical grid, which can be either single-stage or two-stage. Next, the most
commonly used DC-DC converter architectures in BESS applications are discussed. Among
these, the half-bridge converter is highlighted as the mostwidely used, followed by a detailed
analysis of its interleaved version with phase-shifted carriers. After examining the converter
used in the DC-DC stage, the converter employed in the DC-AC stage is discussed, including
the operating modes of the grid-connected inverter and the sinusoidal modulation used. Finally,
the modeling and validation of the obtained model are conducted.

2.1 ARCHITECTURES OF POWER ELECTRONICS CONVERTERS FOR GRID-INTEGRATED
BATTERY ENERGY STORAGE SYSTEMS

The integration of batteries into the electrical grid relies on various architectures of
energy conversion systems, typically involving single-stage converters. In this con�guration,
batteries are directly connected to the bidirectional DC-AC stage (see Fig. 1.a), which o�ers
simplicity and cost advantages. However, this design presents challenges, particularly as the
battery voltage 
uctuates according to its state of charge.To achieve the required DC bus
voltage, multiple batteries must be connected in series, raising reliability concerns since a single
cell failure can compromise the entire string. To address this risk, Baronti et al. (2012) suggests
using bypass circuits, but this solution can increase system cost and complexity. Furthermore,
any failures in the DC-AC stage can disrupt system functionality, underscoring the need for
e�ective control in managing grid interface functions and battery charging and discharging.

To enhance the stability of the DC bus voltage, it is bene�cial to incorporate a DC-
DC stage between the batteries and the DC-AC stage. This additional stage facilitates the
regulation of voltage 
uctuations and improves overall system performance. Among the various
DC-DC converters, the interleaved bidirectional converter has gained popularity due to its
ability to minimize ripple in both input and output currents(XAVIER, 2022).

When the battery voltage is insu�cient for direct connection to the DC bus, two-stage
converters become essential. They integrate a bidirectional DC-DC converter with a DC-AC
stage (see Fig. 1.b) to enable e�cient and 
exible conversion between the battery and the grid.
This setup enhances reliability by avoiding multiple batteries in series but requires more power
switches and can become inoperable if any stage fails. However, it o�ers 
exibility, e�ciency,
and improved control, enabling advanced control strategies. (SCHUPBACH; BALDA, 2003;
PONNALURI et al., 2005).
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Figure 1 {Topologies of Power Electronics Converters for Grid-Integrated Battery Energy
Storage Systems. (a) Single-stage. (b) Two stages.

2.2 DC-DC POWER CONVERSION STAGE

The main bidirectional DC-DC converter architectures for BESS applications include
buck-boost and 'cuk converters. The half-bridge con�guration, depicted in Fig. 2, is commonly
employed due to its ease of implementation and lower controlcomplexity compared to other
architectures. This con�guration functions as a buck converter during battery charging and as
a boost converter during battery discharging (PIRES et al.,2014).

Figure 2 { Leading bidirectional DC-DC converter architecture for BESS applications.

The interleaved DC-DC converter is a variation of the half-bridge converter. In this
arrangement,N half-bridge cells are connected in parallel, as illustrated in Fig. 3. According to
Lazi�c, �Zivanov, and�Sa�si�c (2010), a key advantage of interleaved converters is their ability to
reduce ripple currents in both input and output currents, similar to multilevel converters. Each
cell in an interleaved converter includes an inductor that limits the current ripple. Additionally,
interleaved converters o�er several bene�ts: compared to an equivalent single-phase boost
converter, the current ripple is signi�cantly reduced, allowing for smaller inductors. Individual
inductors can have lower inductance for the same current ripple, further decreasing their size.
Furthermore, increasing the number of cells further decreases the total ripple in the battery
bank; this behavior can be seen in the graph in Fig. 4.

This ripple reduction is achieved by phase-shifting the PWMcarriers, according to:

µ =
360±

N
(1)

whereN represents the number of parallel legs, andµ is the phase shift angle. Thus, in a system
with three parallel legs, the phase shift is120±. Consequently, the e�ect of the PWM outputs
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Figure 3 { Interleaved DC-DC Converter.

Figure 4 { Reduction of the current ripple as the number of cells increases.

is similar to that shown in Fig. 5.a. As a result, the currentsin each inductor are phase-shifted
relative to each other, and the sum of the currents in each armreduces the current ripple in
the battery, as illustrated in Fig. 5.b.
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(a) (b)

Figure 5 {Phase shift signals in three-phase interleaved converters. (a) Signals applied to the
converter switches; phase shifted by 120 degrees; (b) Current in each input inductor
and Battery Current.

2.3 DC-AC POWER CONVERSION STAGE

As discussed earlier, the interleaved bidirectional converter operates as a buck converter
to charge the battery and as a boost converter to discharge it, facilitating DC-DC energy
conversion. To integrate the battery with the electrical grid, a converter capable of operating
in two distinct modes is used: as a recti�er (AC-DC converter) when power 
ow is directed to
charge the battery and as an inverter, performing DC-AC energy conversion when the battery
supplies energy to the grid (BARBI, 2022).

According to Rocabert et al. (2012), inverters play a crucial role in energy management
in electrical systems, with various operating modes depending on speci�c applications and
system requirements, each contributing to grid functionality and stability. The main operating
modes include Grid-Forming, Grid-Feeding, and Grid-Supporting. The grid-forming mode allows
the inverter to establish and maintain an independent grid or microgrid, controlling frequency
and voltage, thus serving as the main source of stability andsynchronization. Grid-Feeding is
characterized by the injection of active power into the gridfrom sources such as batteries or
solar panels, while Grid-Supporting involves supporting the grid by providing reactive power,
voltage control, and response to disturbances to optimize grid operation.

This study investigates an energy conversion system in two main modes: grid-feeding and
battery charging. In the grid-feeding mode, energy is transferred from the battery to the grid. As
depicted in Fig. 6.a, the currentio is out of phase with the grid voltage,vg, resulting in negative
power according to the adopted convention (sinceio andvg are phase-opposed). Additionally,
the currenticc is considered negative, indicating that the battery supplies energy to the grid.
As Barbi (2017) notes, the inverter is perceived by the electrical grid as negative resistance,
determined by the power balance under current control, and depicted in the equivalent circuit
in Fig. 6.b. Unlike a positive resistance that consumes energy, a negative one generates energy.
Although this study uses a battery bank as the DC voltage source, other sources, such as
photovoltaic generators, wind generators, or fuel cells, can also be utilized.

In battery charging mode, energy is transferred from the grid to the battery, with the
currentio in phase with the voltagevg, as shown in Fig. 7.a, resulting in positive power 
ow. In
this mode, the inverter behaves as a positive resistance, with its equivalent circuit presented in
Fig. 7.b, functioning as an active recti�er with a unit powerfactor. To achieve this operation,
sinusoidal pulse width modulation (SPWM) is commonly employed due to its simplicity.

Despite its advantages, SPWM introduces low-frequency harmonics in the load voltage,
necessitating large �lters for attenuation. Two-level modulation, or bipolar modulation, whose
modulator implementation can be seen in Fig. 8.a, controls two pairs of switches with the
same signal, producing output voltages of§ Vcc, with the signals produced shown in Fig. 8.b.
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Figure 6 {VSC operating as grid-feeding. (a) Typical waveforms. (b) Representation of the
equivalent circuit by a negative resistance.

Figure 7 {VSC operating as a battery charger (a) Typical waveforms. (b) Representation of
the equivalent circuit by a positive resistance.

(a) (b)

Figure 8 {Bipolar sinusoidal PWM. (a) Implementation of the modulator. (b) Inverter output
(top �gure) and modulating signal (bottom �gure).
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Although simple, this technique is not e�ective in reducingharmonics. In contrast,
three-level modulation, or unipolar modulation, whose modulator implementation can be seen
in Fig. 9.a, independently controls each inverter leg usingfour control signals: two out-of-phase
sinusoidal modulators, a high-frequency triangular carrier wave, and two comparators. This
method produces output voltages of0 and§ Vcc, with the signals produced shown in Fig. 9.b.
Unipolar modulation signi�cantly reduces harmonics and allows for smaller �lters, making it
the preferred choice among inverter manufacturers (BARBI,2022). Due to these advantages,
including improved harmonic reduction and �lter e�ciency,unipolar modulation was employed
in the present research.

(a) (b)

Figure 9 {Unipolar sinusoidal PWM. (a) Implementation of the modulator. (b) Inverter output
(top �gure) and modulating signal (bottom �gure).

2.4 MODELING OF THE SYSTEM

The single-phase two-stage inverter used in this research can be seen in Fig. 10. In
this �gure, capacitorsC1 and C2 were used as a smoothing energy bu�er. However, a low
capacitance value was used forC1 and a high capacitance value forC2 to decouple the dynamics
of the two stages. Due to the interleaved structure in inductorsL1, L2, L3, the currents ripple
in the capacitorsC1 andC2 are mitigated.

The system will be described by a Reduced-Order Averaged State-Space Model as
proposed by Jiang et al. (2019). Thus, the interleaved two-stage single-phase inverter in Fig.
10 can be represented by the following system of equations:

Leq
di1
dt

= –Reqi1+vc1 –u1vc2 (2)

C1
dvc1

dt
= –i1–

1
Rbat

vc1 +
1

Rbat
vbat (3)

C2
dvc2

dt
= u1 i1–u2 i2 (4)

Li
di2
dt

= u2vc2 –Ri i2–vg (5)

Where:

ˆ vc1 is the voltage across capacitorC1.

ˆ vc2 is the voltage across capacitorC2.

ˆ C1 is the Capacitor in parallel with the battery.
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Figure 10 { Single-phase two-stage grid-connected inverter.

ˆ C2 is the Capacitor in link-DC.

ˆ vbat is the battery voltage.

ˆ i2 is the current through the inductorLi.

ˆ vg is the grid voltage.

ˆ Rbat is the internal resistance of the battery.

ˆ Li is the inductance at the inverter output.

ˆ Ri is the resistance at the inverter output.

Considering equivalent series resistance (ESR) of input inductors(R1 = R2 = R3 = R)
and input inductances(L1 = L2 = L3 = L) equal for all legs of the DC-DC converter, moreover,
consideringN the number of legs, the equivalent inductance can be obtained by setting
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Leq= L/3 and the equivalent resistance can be obtained by settingReq= R/3. In addition, the

total current through the input inductors (i1) is given byi1 = iL1+iL2+iL3 =
3X

j=1

iLj
.

The average control signals of the interleaved bidirectional converter and the single-
phase inverter are represented byu1 andu2, respectively, with0 · u1 · 1 andu2 in the range
–1 · u2 · 1. These signals are associated with the duty cycles of the converters, which are
compared to triangular waveforms to generate the gate signals for switches using PWM. The
duty cycles are de�ned asd1 = u1 andd2 = 0.5u2+0.5, whered1 corresponds to the duty cycle
of the bidirectional converter andd2 to that of the single-phase inverter.

To derive the control model of the DC-DC converter using the classical method, equa-
tions (2), (3), and(4) were employed. To simplify the modeling, the inverter was replaced by a
constant current sourceIinv. With this approximation, the termd2i2 is no longer time-varying
and becomesd2i2 = Iinv. Therefore, assuming thatd2 i2 = Iinv, we have:

I1 =
Iinv
D1

, (6)

Vc1 =
D1vbat –RbatIinv

D1
, (7)

Vc2 =
D1vbat –Iinv(Req+Rbat)

D1
2 , (8)

where the termsI1, Vc1, Vc2, and D1 represent, respectively, the current through the input
inductors (i1), the voltage across capacitorC1, the voltage across capacitorC2, and the
duty cycle d at the equilibrium point. The small-signal model can be obtained via Taylor
approximation by calculating the jacobian matrices, resulting in

d
dt

2

4
i1
vc1

vc2

3

5 =

2

6
6
6
6
6
4

–
Req

Leq
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4
vbat
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From (9), the transfer functions of the current in the inductors,hi1i , and the voltage
in the capacitor,hvc2i , to the duty cycle,hd1i , were obtained as:

hi1(s)i
hd1(s)i

=

–
C1C2RbatVc2 s2+

�
C1D1 I1Rbat +C2Vc2

�
s+D1 I1

C1C2LeqRbats3+C2
�
Leq+C1RbatReq

�
s2+

�
C1D1

2Rbat +C2
�
Rbat +Req

��
s+D1

2

(10)

hvc2(s)i
hd1(s)i

=

C1 I1LeqRbats
2+I1

�
Leq+C1RbatReq–C1D1RbatVc2

�
s+I1

�
Rbat +Req

�
–D1Vc2

C1C2LeqRbats3+C2
�
Leq+C1RbatReq

�
s2+

�
C1D1

2Rbat +C2
�
Rbat +Req

��
s+D1

2

(11)

In these equations, the symbolsh i represent the average values of the variables, ef-
fectively capturing the dynamic behavior of the system overa switching period. Thus,hi1i
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represents the average current in inductori1, and hvc2i denotes the average voltage across
capacitorvc2, with respect to the duty cycled1.

2.5 MODEL VALIDATION

In the sec. 2.4, the voltage and current models were derived from the average state-
space model. In this section, model validation will be carried out using the system parameters
presented in Tab. 1.

Table 1 { System parameters

Parameter Variable Value

(ESR) of input inductor R 0.07­
Resistance of battery Rbat 0.01­

Input Phase Inductance L 1 mH
Input capacitance C1 470µF

DC-Link capacitance C2 1880µF
Battery voltage vbat 205 V
DC-Link voltage vc2 400 V

ESR of �lter inductor Ri 0,12­
Grid �lter inductance Li 3 mH

Power P 3 kW
Grid voltage vg 220 V
Frequency fg 60 Hz

Switching frequency fs 20 kH

Based on the data from Tab. 1, the converter needs to provide apower ofP= 3kW,
and the voltage across DC-Link must beVc2 = 400V. Thus, the current in the inverter can be
obtained by

Iinv =
P

Vc2

= 7.5A (12)

from (12) and (8), we derive

D1 = 0.5112 (13)

Subsequently, by employing(6), it can be concluded that the currenti1, at the operating
point, should be equal toI1 = 14.6691A. Using these values and the parameters from Tab. 1,
the results displayed in Fig. 11 were obtained. In the upper graph of Fig. 11, the curves validate
the model of the currenti1: the blue signal represents the switched model (measured response
in the circuit) and the red signal represents the averaged model obtained from linearization at
the operating point. In the lower graph, the curves validatethe model of the voltagevc2: the
blue signal is the switched model (measured response in the circuit), and the red signal is the
linearized averaged model.

The full-bridge inverter used in this research is a linear system, eliminating the need
for linearization around an operating point. The inverter modeling is performed based on
(5). Applying the Laplace transform to(5) and considering the grid voltage,vg, as an input
disturbance, we obtain:
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Figure 11 {Comparison between the average model and the switched modelfor current,i1,
and voltagevc2.

i2(s) =
Ki

¿is+1

�
d2(s)–´ i (s)

�
(14)

whereKi is the inverter gain,¿i is the inverter time constant, and´ i(s) is an input disturbance.
These parameters are de�ned as:

Ki =
Vc2

Ri
, ¿i =

Li
Ri

, ´ i(s) =
vg(s)
Vc2

(15)

To validate the model, the same sinusoidal signal was applied to the full-bridge single-
phase inverter and the model without disturbance, resulting in the curves shown in Fig. 12. In
this �gure, the blue signal represents the inverter response, while the red signal corresponds to
the model's response(14). It can be observed, both in Fig. 11 and Fig. 12, that the obtained
models accurately represent the variables to be controlled.
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Figure 12 { Comparison of the average model and the switched model for currenti2.

2.6 CHAPTER CONCLUSIONS

This chapter presented the two-stage single-phase inverter topology in a grid-connected
battery energy storage system. The half-bridge converter,widely used in BESS applications, was
then detailed, and the advantage of employing its interleaved version with phase-shifted carriers
was examined. After detailing the converter used in the DC-DC stage, the converter used in
the DC-AC stage was described, including the operating modes of the grid-connected inverter
and the implementation of unipolar sinusoidal modulation.Following the system description,
the system model obtained via Taylor approximation was presented, along with the model
validation in the time domain.
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3 STRATEGIES FOR CONTROLLING TWO-STAGE INVERTERS

This chapter presents some strategies for controlling the two-stage inverter. In Section
3.1.1, an approach is introduced that employs a cascaded controller structure to regulate
the DC-DC converter. In this cascaded structure, the inner loop controls the current in the
inductors, and the outer loop controls the DC-link voltage.At the same time, in the inverter,
a resonant controller controls the current injected or extracted from the grid.

In Section 3.1.2, another strategy is discussed in which only aPI controller is used
to regulate the currents in the inductors of the DC-DC converter. Meanwhile, the inverter
controller is composed of a cascaded structure, where the control of DC-link voltage is handled
in the outer loop, and current control, whether injected or extracted from the grid, is managed
in the inner loop.

The following control strategies are proposed to control two-stage inverters:

1. Cascade PI linear control of the DC-DC stage;

2. Cascade PI linear control of the DC-AC stage;

3. PI Control in the dq-domain;

4. Finite Control Set - Model Predictive Control (FCS-MPC);

5. Cascade Feedback Linearization Control (FLC).

All strategies are initially developed in a continuous domain and are subsequently
discretized using the Tustin approximation.

3.1 LINEAR CONTROLLER

3.1.1 Cascade control in DC-DC converter

3.1.1.1 Controller of DC-DC converter

The cascade control structure was designed assuming each control loop has a distinct
time constant, allowing it to be approximately decoupled. In this con�guration, the inductor
current is regulated within the inner loop, while the voltage in the capacitorvc2 is controlled
within the outer loop. Fig. 13 illustrates the cascade control structure used in this strategy.

Figure 13 { Cascade control structure.
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Note that the output of the outer loop controller provides the current reference for the
current control that occurs in the inner loop. An anti-windup scheme was employed to prevent
excessive currents. This method involves mitigation or cancellation of the integral action when
controller output,i¤1, is saturated. Observe that this anti-windup strategy doesnot in
uence
the i¤1 when the unsaturated PI output,uv, falls within the linear range whereesat= 0. These
mechanisms are important to avoid excessive responses and reduce settling time, which is
fundamental in improving the reliability and robustness ofcontrol systems (�ASTR•OM, 1987;
CORRADINI et al., 2015). In the context of this study, the mechanism of anti-windup was
essential in maintaining system stability even in the face of disturbances. As shown in Fig. 13, in
addition to the mechanism of anti-windup, a notch �lter was implemented in the measurement
of vc2. More details about this �lter are presented in Appendix A.

As shown in Fig. 13, the control of currenti1 is executed in the inner loop. In this loop,
a PI controller was designed based on the transfer function obtained in(10). This controller
ensures that in a closed-loop con�guration, the crossover frequency is set tofc = fs/10 =2kHz
with a phase margin of80±. Here,fs represents the switching frequency. Typically, the crossover
frequency of the inner loop is tuned to be about ten times slower than the switching frequency.
This relationship prevents undesirable e�ects of the switching process on current control,
allowing the inner loop to capture the average current behavior without being a�ected by the
high-frequency oscillations that occur in each switching cycle.

This approach provides the inner loop controller with a smoothed signal, enabling the
control actions to focus on the essential current dynamics instead of reacting to noise and
peaks caused by switching. Consequently, this factor of tenachieves a balanced trade-o�
between the response speed of the inner loop and system stability, preventing the controller
from overreacting to switching noise and enabling more robust and e�cient control. These
requirements were met using a proportional gain ofkpi = 0.0103and an integral gain ofkii = 23.8.
The transfer function of this PI controller for the current loop is given by:

u1(s)
ei(s)

= kpi +
kii
s

(16)

For the digital implementation of this controller, discretization was performed using the
Tustin approximation. Thus:

u1(z)
ei(z)

=
ki0 +ki1z–1

1–z–1 (17)

where the gainski0 andki1 of the digital PI controller are calculated as follows:

ki0 = kpi +0.5kii Ts, ki1 = 0.5kii Ts–kpi (18)

To implement the transfer function of the current loop controller, as described by(17),
on the DSP F28379D, it is necessary to express it as a di�erence equation. This is achieved
by applying the inversez-transform, converting it to the discrete-time domain, as follows:

u1 [k] = ki0ei [k] +ki1ei [k–1] +u1 [k–1] (19)

In the outer loop, a PI controller was designed to regulate DC-Link voltage. The transfer
function for voltage control is given byhvc2(s)i /hi1(s)i , which can be derived from equations
(10) and (11), as follows:
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hvc2(s)i
hi1(s)i

= –
C1 I1LeqRbat s2 +I1

�
Leq+C1Rbat Req–C1D1Rbat Vc2

�
s+I1

�
Rbat +Req

�
–D1Vc2

C1C2Rbat Vc2 s2 +
�
C1D1 I1Rbat +C2Vc2

�
s+D1 I1

(20)

Based on(20), a controller was designed such that in a closed-loop con�guration, the
crossover frequency isfc = fs/100 =200Hz with a phase margin of90±. These closed-loop performance
speci�cations were achieved through the use of a proportional gain to kpv = 4.62and the integral gain
to kiv = 102. As shown in Fig. 13, the transfer function of the voltage loop PI controller is given by:

i¤1(s)
ev(s)

= kpv +
kiv

s
(21)

For its digital implementation, the Tustin method was applied, leading to:

i¤1(z)
ev(z)

=
kv0 +kv1z–1

1–z–1 (22)

where the gainskv0 and kv1 of the digital PI controller are calculated as follows:

kv0 = kpv+0.5kivTs, kv1 = 0.5kivTs–kpv (23)

applying the inversez-transform in (22), we obtain:

i¤1 [k] = kv0ev [k] +kv1ev [k–1] +i¤1 [k–1] (24)

In the Bode diagram of Fig. 14, it can be seen that the performance speci�cations were met
in both the inner and outer loops through the gains of the aforementioned controllers.

Figure 14 { Bode diagrams for the current (blue curve) and voltage (red curve) loop.

Pseudocode 1 details the algorithm implementing the cascaded PI control, presented above.

3.1.1.2 Controller of DC-AC converter

The internal model principle, proposed by Francis and Wonham (1976), highlights the impor-
tance of integrating the dynamics of a system to e�ectively track its signals. This principle underscores
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Algorithm 1: Pseudocode of the cascaded PI control
Input: vc2 [k], i1 [k]
vc2�lt [k] Ã
NFb0vc2 [k] +NFb1vc2 [k–1] +NFb2vc2 [k–2] –NFa1vc2�lt [k–1] –NFa2vc2�lt [k–2]

ev [k] Ã v¤
c2

–vc2�lt [k]
i¤1 [k] Ã kv0ev [k] +kv1ev [k–1] +i¤1 [k–1]
// Anti-windup
if i¤1min ¸ i¤1 [k] ¸ i¤1max then

¢ i¤1 [k] Ã 0
else

¢ i¤1 [k] Ã kv0ev [k] +kv1ev [k–1]
i¤1 [k] Ã ¢ i¤1 [k] + i¤1 [k–1]
ei [k] Ã i1 [k] –i¤1 [k]
u1 [k] Ã ki0ei [k] +ki1ei [k–1] +u1 [k–1]
Update of the variables: vc2 [k–2], vc2 [k–1], vc2�lt [k–2], vc2�lt [k–1], ev [k–1],
i¤1 [k–1], ei [k–1], u1 [k–1]

if u1 [k] ¸ 1 then
u1 [k] = 1

if u1 [k] · 0 then
u1 [k] = 0

d1 [k] Ã u1 [k]
Output: d1 [k]

the necessity of capturing the signal dynamics for accurate tracking. In line with this principle, to
ensure zero steady-state error, the controller must include apair of poles on the imaginary axiss= § j!
(for a discrete-time implementation, the equivalent poles are given byz= e§ j! Ts) at the frequency of
the signal to be tracked (ZMOOD; HOLMES, 2003). A controller that exhibits this dynamics is the
resonant controller, which can be described as:

Cr(s) =
u2(s)
e(s)

= kr
s2 +2»! gs+ ! g

2

s2 + ! g
2 (25)

where! g is the grid frequency,» is a coe�cient used to adjust the location of the zeros, andkr is the
controller gain. The block diagram involving the resonant controller and the grid-connected inverter
can be seen in Fig. 15.

Figure 15 { Block diagram of thei2 current control loop.

In Fig. 15, the grid signal,vg, is depicted as an input disturbance through´ i , and ipll is the
output of the PLL (detailed in Sect. 3.3) serving as the referencecurrent for inverter control. This
current is represented byIp cos(µg +Á), whereµg = ! gt and Á are the phase ofipll . The peak current
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Ip is given by
2P
Vp

, with P representing the power supplied to the grid andVp denoting the peak value

of the grid voltage.
Note that when calculating the sensitivity function,S(s), and the complementary sensitivity

function, T(s), we obtain:

S(s) =
1

1+Cr(s)G(s)
=

�
s2 + ! g

2
�

(¿is+1)
�
s2 + ! g

2
�

(¿is+1)+kr
�
s2 +2»! gs+ ! g

2
�

Ki

T(s) =
Cr(s)G(s)

1+Cr(s)G(s)
=

kr
�
s2 +2»! gs+ ! g

2
�

Ki�
s2 + ! g

2
�

(¿is+1)+kr
�
s2 +2»! gs+ ! g

2
�

Ki

(26)

When evaluatingT(s) at s= j! g (where j is the imaginary unit), the value is 1, and when
evaluatingS(s) at s = j! g, the value is 0. This means the system can perfectly track sinusoidal
reference inputs at the grid frequency and reject sinusoidal disturbances at the same frequency, such
as ´ i(s). This behavior can be visualized in the magnitude of the singular values ofS(s) and T(s) in
Fig. 16. Observe that the singular values in this �gure are in dB. For the singular value ofT at 60 Hz,
we obtain0 dB (or 1 on a linear scale). For the singular value ofS at 60 Hz, the value is= 55 dB (or
0.064 on a linear scale, approximately 0), which agrees with the algebraic determination made using
(26).

Figure 16 { Magnitude of the singular values ofS(s) andT(s)

To tune the resonant controller,» was set to 0.9, close to 1, to prevent the controller zeros
from being too close to the resonant poles, which would nullify their e�ect. The gain kr was tuned
based on the root locus shown in Fig. 17. In this �gure, the closed-looppole locations are detailed in
the enlarged region on the right, marked by a red 'x' whenkr = 0.1.

Discretizing the transfer function (25) using the Tustin approximation, we obtain:

u2(z)
e(z)

= kr
br0 +br1z–1+br2z–2

1+arz–1+z–2 (27)

where:

ar0 = 4+(! gTs)2, x1 =
4! gTs

ar0
, x2 = 2–

16
ar0

,

ar = x2, br0 = 1+x1, br1 = x2, br2 = 1–x1.
(28)
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Figure 17 { Discrete Root Locus of the Resonant Controller.

Applying the inversez-transform in (27), we obtain:

u2 [k] = kr(br0 e[k] +br1 e[k–1] +br2 e[k–2])–ar u2 [k–1] –u2 [k–2] (29)

Pseudocode 2 details the algorithm implementing the resonantcontroller discussed above.

Algorithm 2: Pseudocode of the resonant control
Input: i2
e[k] Ã ipll –i2
u2 [k] Ã kr(br0e[k] +br1e[k–1] +br2e[k–2])–ar u2 [k–1] –u2 [k–2]

d2 [0] Ã
1+u2 [k]

2
d2 [1] Ã

1–u2 [k]
2

if d2 [0] ¸ 1 then
d2 [0] Ã 1

if d2 [0] · –1 then
d2 [0] Ã –1

if d2 [1] ¸ 1 then
d2 [1] Ã 1

if d2 [1] · –1 then
d2 [1] Ã –1

Update of the variables: e[k–2], e[k–1], u2 [k–2], u2 [k–1]
Output: d2 [0], d2 [1]

3.1.2 Cascade control in DC-AC converter

In the previous section, a control strategy was presented where the DC-DC converter controller
performed cascaded control ofi1 and vc2, while the inverter controller performed onlyi2. This section
introduces an alternative approach, where the DC-DC converter controller handles onlyi1, and the
inverter controller is responsible for the cascaded control ofvc2 and i2.
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3.1.2.1 Controller of DC-DC converter

The design of thei1 control used is the same as described in Section 3.1.1. Consequently, the
di�erence equation governing this PI controller is given by:

u1 [k] = ki0 ei [k] +ki1 ei [k–1] +u1 [k–1] (30)

whereki0 and ki1 are the digital gains of PI controller. The control diagram is shown inFig. 18.

Figure 18 { Block diagram of the interleaved bidirectional DC-DC converter controller.

where the reference current,i¤1, is determined by(6). Pseudocode 3 details the algorithm implementing
the controller of the DC-DC converter discussed above.

Algorithm 3: Pseudocode of the DC-DC cascade control
Input: i1
Iinv Ã

P
v¤
c2

i¤1 Ã §
Iinv
D1

ei [k] Ã i1–i¤1
u1 [k] Ã ki0ei [k] +ki1ei [k–1] +u1 [k–1]
Update of the variables: ei [k–1], u1 [k–1]
if u1 [k] ¸ 1 then

u1 [k] Ã 1
if u1 [k] · 0 then

u1 [k] Ã 0
d1 [k] Ã u1 [k]
Output: d1 [k]

3.1.2.2 Controller of DC-AC converter

In this strategy, the control of thevc2 is carried out by the controller of the single-phase
full-bridge inverter. That way, the control of thevc2 occurs in the outer loop, while the inner loop
focuses on regulating the currenti2. This con�guration is shown in Fig. 19.

Note that without the notch �lter in the measurement ofvc2, the controller actionuv would
include an oscillatory component ofvg, re
ected in vc2 at twice the frequency. Therefore, without
the notch �lter, the controller actionuv would become:

uv(t) = A sin(2µg) (31)

whereA is the amplitude of this component. Additionally,ipll is a signal generated by the PLL and
can be described by the following equation:

ipll(t) = sin(µg) (32)
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Figure 19 { Block diagram of the Single-Phase Full-Bridge Inverter Controller.

Observing the block diagram in Fig. 19, it can be seen that the reference current,i¤2, is given
by:

i¤2(t) = uv(t) ipll(t) = A sin(2µg) sin(µg) (33)

From the trigonometric factorization, it is known that:

sin(2µg) sin(µg) =
1
2

[cos(µg)–cos(3µg)] (34)

applying (34) to (33), we have that:

i¤2 = A
1
2

[cos(µg)–cos(3µg)] (35)

It is observed that the absence of the notch �lter would result in athird-order component
cos(3µg) in the reference current, causing distortion in the currenti2. Therefore, by inserting a notch
�lter in the reading of vc2, the sin(2µg) component is eliminated in(33), making the reference current
i¤2 the DC contribution fromuv plus the AC component provided by the PLL output. In Fig. 20, the
current i2 can be seen without the notch �lter (blue signal) and with the notch �lter (red signal) in
the control loop.

Figure 20 { Harmonic distortion of order 3 in currenti2.

Another way to visualize this distortion is through the FFT, shown in Fig. 21. In this �gure,
it is observed that the amplitude of the fundamental component isnearly the same both with and
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without the �lter. However, in the highlighted region corresponding to the third-order harmonic
distortion, it can be seen that with the notch �lter, the 180 Hz component is practically eliminated.

Figure 21 { FFT of currenti2

The design of the resonant controller is the same as presented in Section 3.1.1.2. Therefore,
this section will focus solely on the design of the control ofvc2, which is composed of an integrator,
a gain kv, and a zero! z. According to the Barbi (2017),kv can be obtained using the following
equation:

kv =
16C2vc2fg¼

Vp

�
I3p

Ip

�
(36)

whereC2 is the capacitance of the DC-link capacitor,vc2 is the voltage across capacitor,fg is the
grid frequency,Vp is the peak voltage of the grid,I3p is the amplitude of the third-order harmonic,
and Ip is the peak current in the grid. The frequency of the zero of the controller, ! z, is typically
chosen such thatfz ¿ 120Hz.

Pseudocode 4 details the algorithm implementing the DC-AC cascade controller discussed
above.

3.1.3 Control in the dq-domain

The controller described in Sec. 3.1.1.1 was utilized in this approach. Therefore, the controller
of the interleaved bidirectional DC-DC converter is responsible for controllingi1 and vc2. This section
will focus solely on controllingi2 using PI control in the dq-domain.

Until the previous section, the inverter output current was controlled using a resonant con-
troller. This section presents an alternative control topology for single-phase inverters, employing
vector control based on dq coordinate references. This control technique has been increasingly adopted
in power electronics for controlling sinusoidal reference tracking (ZHOU; SONG; BLAABJERG, 2018;
HOLMES et al., 2009; SAMERCHUR et al., 2011).

This method employs vector control, a high-performance technique for inverters that converts
AC quantities to DC in order to ensure zero steady-state error for AC currents and voltages, often
using simple controllers like PI controllers (CHAITHANAKULWATet al., 2021). To achieve this, the
grid current signal undergoes a series of transformations: �rst,the Clarke transform converts the
three-phase coordinate system(abc) into a stationary two-dimensional system(®¯ ) , followed by the
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Algorithm 4: Pseudocode of the DC-AC cascade control
// PI
Input: vc2 [k]
vc2�lt [k] Ã
NFb0vc2 [k] +NFb1vc2 [k–1] +NFb2vc2 [k–2] –NFa1vc2�lt [k–1] –NFa2vc2�lt [k–2]

ev [k] Ã vc2�lt [k] –v¤
c2

uv [k] Ã kv0ev [k] +kv1ev [k–1] +uv [k–1]
Update of the variables:
vc2 [k–2] , vc2 [k–1] , vc2�lt [k–2] , vc2�lt [k–1] , ev [k–1]
// Resonant
Input: i2
i¤2 Ã uv [k] ipll
ei Ã i¤2 –i2
u2 [k] Ã kr(br0ei [k] +br1ei [k–1] +br2ei [k–2])–ar u2 [k–1] –u2 [k–2]

d2 [0] Ã
1+u2 [k]

2
d2 [1] Ã

1–u2 [k]
2

if d2 [0] ¸ 1 then
d2 [0] Ã 1

if d2 [0] · –1 then
d2 [0] Ã –1

if d2 [1] ¸ 1 then
d2 [1] Ã 1

if d2 [1] · –1 then
d2 [1] Ã –1

Update of the variables:
ei [k–2] , ei [k–1] , u2 [k–2] , u2 [k–1] , uv [k–1]
Output: d2 [0] , d2 [1]

Park transform(®¯ ! dq), which rotates the two-dimensional coordinate system into a direct-current
equivalent.

As described by Ninad and Lopes (2012), these transformations enable e�ective control of
sinusoidal references by mapping alternating current quantities into the rotating reference frame as
equivalent DC signals. This approach facilitates precise control of AC signals, as the transformed
quantities can be managed as if they were DC, allowing for simpler and more robust control strategies.

In three-phase systems, the Clarke transformation converts athree-phase system(abc) into a
stationary two-dimensional coordinate system(®¯ ). In single-phase systems, a mechanism is required
to generate a quadrature signal with the grid signal. In this work, the following orthogonal signal
generator (OSG) was used:

H¯ (s) =
Y(s)
U(s)

=
2»! g

2

s2 +2»! gs+ ! g
2 (37)

In a study conducted by Zhou et al. (2021), the authors recommend using »= 1 for improved
stability of the generated signal. That way, assuming»= 1, evaluatingH¯ at the grid frequencys= j! g,
we obtain–j. Therefore,(37) provides a signal of the same amplitude but delayed by90± relative to
! g.

For the digital implementation of this OSG, the Tustin approximation was used, in this way,
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Y(z)
U(z)

=
b

�
1+2z–1+z–2

�

1+a1z–1+a2z–2 (38)

where:

b=
2! g

2Ts
2

�
2+! gTs

� 2 , a1 =
2! g

2Ts
2–8

�
2+! gTs

� 2 , a2 =
�

! gTs–2
2+! gTs

� 2

(39)

applying the inversez-transform in (38), we obtain:

y[k] = b(u[k] +2u[k–1] +u[k–2])–a1y[k–1] –a2y[k–2] (40)

The di�erence equation, given by(40), gives a signal of the same amplitude but is delayed
by 90± with respect to! g. Note that (38) was described generically in terms ofU and Y, enabling
its application to both the grid voltage,vg, for synchronization and the currenti2 for current control.

However, these®¯ components remain AC variables that rotate at the same speed of! g.
This makes control design complex and conventional PI controllers incapable of achieving zero-error
tracking for the®¯ components. To address these issues, the Park transform is applied to the ®¯
variables, yielding two variables in dq coordinates as follows:

�
xd
xq

�
=

�
cos(µg) sin(µg)
–sin(µg) cos(µg)

� �
x®

x¯

�
(41)

In which xd and xq are the components (which can be the voltagevg or the current i2) in
the dq-reference frame andx® and x¯ are the components in the®¯ -reference frame. Using the Park
transform(41), the ®¯ components, which are AC variables, become DC variables, making the design
more suitable for PI controllers (TEODORESCU et al., 2006).

Since the inverter studied in this research is single-phase,so (37) is used in measuringvg
to determine the phase and frequency of the grid via the PLL algorithm. Furthermore,(37) is also
applied in measuringi2 for control in dq coordinates. This coordinate transformationis illustrated
in Fig. 22.a. In this �gure, the® component corresponds to the measured valuesvg, i2, while the
¯ component represents the orthogonal component. In this initial coordinate transformation, the
orthogonal®¯ components are generated in static coordinates. After applying the Park transform,
the static ®¯ coordinates are converted into rotating dq coordinates. These rotating dq coordinates
are illustrated in Fig. 22.b.

In the dq reference frame, the design of controllers is facilitated by themanipulation of signals
that become constant at steady state. In this reference frame,the direct current,id, and quadrature
current, iq, are controlled independently. The PI controller is widely useddue to its ability to eliminate
steady-state errors and provide an adequate dynamic response. After controlling the current indq
coordinates, it is necessary to convert these signals back to the stationary®¯ reference frame for
application to the inverter switches. This is accomplished through the inverse Park transform, de�ned
by the following relation:

�
x®

x¯

�
=

�
cos(µg) –sin(µg)
sin(µg) cos(µg)

� �
xd
xq

�
(42)

By applying the aforementioned coordinate transformations,the control structure shown in
Fig. 23 is obtained:

3.1.3.1 Modeling and control of the grid current

To facilitate the modeling and control ofi2, consider the inverter shown in Fig. 24. As
illustrated, the inverter can be described by the following equation:
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(a) (b)

Figure 22 {Coordinate transformations. (a)vg andi2 in static coordinates to static coordinates
®¯ reference frame; (b) Static coordinates®¯ to rotating coordinates dq reference
frame.

Figure 23 {Block diagram of the single-phase full-bridge inverter controller using vector dq
control.
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vo = Ri i2 +Li
di2
dt

+vg (43)

Figure 24 { Single-phase full-bridge inverter.

Assumingvo = v® and applying (37) in (43) to obtain the orthogonal components, we get:
�
vo®

vo¯

�
= Ri

�
i®
i¯

�
+Li

d
dt

�
i®
i¯

�
+

�
v®

v¯

�
(44)

wherevo®, i®, and v® represent the®-axis components of the measured signals, whilevo¯ , i¯ , and
v¯ correspond to the orthogonal̄ -axis components. Applying the Park transform(41) to the model
described in®¯ coordinates (44) results in:

�
vod
voq

�
=

�
vLd
vLq

�
+ ! gLi

�
–iq
id

�
+

�
vd
vd

�
(45)

where:
�
vLd
vLq

�
= Ri

�
id
iq

�
+Li

d
dt

�
id
iq

�
(46)

Note that in this approach, the output currents along thed and q axes are decoupled. There-
fore, each axis can be regulated independently without interference from the other axis. Furthermore,
as demonstrated in(46), the expressions for thed and q axes output currents are identical (SANG-
WONGWANICH et al., 2018). Therefore, analyzing one axis is su�cient, as both share the same
dynamics, which can be described by a transfer function obtained by applying the Laplace transform
to (46), resulting in:

id(s)
vLd(s)

=
iq(s)

vLq(s)
=

1
Lis+Ri

(47)

A PI controller was designed based on(47) to have a crossover frequency offc = 10fg = 600Hz
in closed-loop con�guration with a phase margin of90±. Fig. 25 con�rms that the speci�ed closed-loop
performance parameters were indeed attained by employing aproportional gain value ofkp = 11.3and
an integral gain value ofki = 746.

Pseudocode 5 details the algorithm implementing PI controllerin the dq-domain discussed
above.
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Algorithm 5: Pseudocode of the dq-domain control
// PLL algorithm
Input: vg [k], i2
v® [k] Ã vg [k]
i® [k] Ã i2
v¯ [k] Ã b(v® [k] +2v® [k–1] +v® [k–2])–a1v¯ [k–1] –a2v¯ [k–2]
i¯ [k] Ã b(i® [k] +2i® [k–1] +i® [k–2])–a1 i¯ [k–1] –a2 i¯ [k–2]
vd Ã cos(µg [k])v® [k] +sin(µg [k])v¯ [k]
vd Ã –sin(µg [k])v® [k] +cos(µg [k])v¯ [k]
id Ã cos(µg [k]) i® [k] +cos(µg [k]) i¯ [k]
id Ã –sin(µg [k]) i® [k] +cos(µg [k]) i¯ [k]
" dq[k] Ã 0–vd
upll [k] Ã ke0" dq[k] +ke1" dq[k–1] +upll [k–1]
Update of the variables: " dq[k–1], upll [k–1]
! g Ã upll [k] + ! �
µg [k] Ã Ts! g+µg [k–1]
if µg [k] ¸ 2¼ then

µg [k] Ã 0
// PI control in dq domain
eid [k] Ã Ip –id
eiq [k] Ã 0–id
ud [k] Ã k0eid [k] +k1eid [k–1] +ud [k–1]
uq [k] Ã k0eiq [k] +k1eiq [k–1] +uq [k–1]
Update of the variables: ud [k–1], uq [k–1]
vod[k] Ã ud [k] +vd + ! gLi id
voq[k] Ã uq [k] +vd –! gLi id
vo® Ã cos(µg [k])vod[k] –sin(µg [k])voq[k]

u2 Ã
vo®

Vc2

d2 [0] Ã
1+u2

2
d2 [1] Ã

1–u2
2

if d2 [0] ¸ 1 then
d2 [0] Ã 1

if d2 [0] · –1 then
d2 [0] Ã –1

if d2 [1] ¸ 1 then
d2 [1] Ã 1

if d2 [1] · –1 then
d2 [1] Ã –1

Update of the variables: µg [k–1], eid [k–1], eiq [k–1]
Output: d2 [0], d2 [1]
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Figure 25 { Frequency response of the grid current control.

3.2 NONLINEAR CONTROLLER

3.2.1 Finite Control Set - Model Predictive Control (FCS-MPC)

Model Predictive Control, also known as dynamic matrix control (DMC), model algorithmic
control, and generalized predictive control (GPC), was introduced to petrochemical industrial processes
in the early 1970s (GARCIA; PRETT; MORARI, 1989). Since then, MPC has been widely applied in
electrical drives, microgrids, and wind generation systems, demonstrating its versatility across various
industrial contexts (ZHANG et al., 2021).

According to Harbi et al. (2020), in power electronics, MPCs are classi�ed into two categories:
Continuous Control Set MPC (CCS-MPCs) and Finite Control Set MPC (FCS-MPCs). The �rst
category generates a continuous signal for the modulator stage to produce switching pulses, achieving
a constant switching frequency. In contrast, the second category exploits the �nite switching states
of the converter, producing the pulses directly and eliminating the need for modulators.

Aguilera et al. (2018) highlight that FCS-MPC o�er the advantage of e�ciently integrating
system constraints into the control formulation. However, despite this advantage, these methods
still face signi�cant challenges. One critical concern is their high sensitivity to model parameter
variations, where even small changes in parameter values can lead to the selection of incorrect states,
compromising control performance. Additionally, another major obstacle is the high computational
load associated with the operation of these controllers.

In a recent study conducted by Brunoni et al. (2023), the authors performed a comparative
analysis of FCS-MPC approaches for voltage control in three-phase voltage source inverters, em-
phasizing the trade-o� between computational cost and closed-loop performance. They evaluated
metrics such as MSE, THD, and energy losses associated with switching frequency. Their �ndings
indicated that adopting two-step horizons was bene�cial, resulting in signi�cant improvements in MSE
and THD while maintaining computational e�ciency. However, extending the horizon length beyond
two samples did not yield substantial improvements, suggestinglimitations in justifying increased
computational load.

Moreover, FCS-MPC is a nonlinear control strategy that enhances control performance across
the entire operating range of the converter, particularly undertransient conditions. This approach
utilizes a system model to predict the future behavior of variables of interest and employs a cost
function to establish the desired control objectives (AGUILERAet al., 2018). This method e�ectively
handles system nonlinearities without needing to linearize the plant model, showing its superiority
over hysteresis and standard linear control methods in the industry.
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The FCS-MPC method simpli�es control by taking advantage of the discrete nature of the
available switching states in the converter. For the inverter legsSa and Sb shown in Fig. 24, each
unique pair of values forSa and Sb is combined into a single variable per leg, de�ned as follows:

Sa =
�

1, if S4 = 1 and S4 = 0
0, if S4 = 0 and S4 = 1

(48)

Sb =
�

1, if S5 = 1 and S5 = 0
0, if S5 = 0 and S5 = 1

(49)

In the adopted convention, 1 represents a closed switch, and 0 is an open switch. Considering
all possible combinations ofSa and Sb, Table 2 provides the switching states ofSa and Sb, along with
the resulting input voltage values from these combinations.

Table 2 { Look-up Table tovo.

i Sa Sb vo

0 0 0 0
1 0 1 -vc2

2 1 0 vc2

3 1 1 0

wherei indicates the table row, andvo is the inverter output, and can be described by:

vo = Ri i2 +Li
di2
dt

+vg (50)

The prediction model can be obtained by applying the forward approximation in (50), as follows:

vo [i] = Ri i2 [k] +Li

�
i2 [k+1] –i2 [k]

Ts

�
+vg [k] (51)

Solving (51) fori2 [k+1], we obtain:

i2 [k+1] = k0(vo [i] –Ri i2 [k] –vg [k])+ i2 [k] (52)

where i2 [k+1] and i2 [k] represent the predicted and actual values ofi2, respectively. The term
k0 = Ts/Li is the prediction model coe�cient, and the termvo [i], representing the inverter output,
refers to the row in Tab. 2. Since this table has four rows, the controller calculates equation(52) four
times at each instant[k] according to the following procedure: wheni = 0, the value ofvo is 0; when
i = 1, the value ofvo is –vc2; when i = 2, the value ofvo is vc2; and wheni = 3, the value ofvo is 0.
Thus, the controller calculates the possible future evolutions ofthe state variables for each available
control action by extrapolating the current states[k] to the next time instant[k+1].

For each predicted scenario, the controller calculates a cost function that assesses the deviation
of the predicted state variables from the desired behavior. This cost function may include criteria
such as minimizing tracking error, reducing power losses, orensuring compliance with safe operating
constraints (YARAMASU; WU, 2016). In this study, the cost function isde�ned as:

J = ki¤2 [k] –i2 [k+1]k2 (53)

wherei¤2 is the reference signal from the PLL used for controllingi2. Although polynomial
approximations are often employed to predict the reference at[k+1] based on prior measurements,
this work directly usesi¤2 at instant [k].

The controller evaluates the cost function values for all possible control actions and selects
the one that minimizes the cost function, applying it to the system. The operating principle of the
FCS-MPC is illustrated in the graph in Fig. 26.
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Figure 26 { Operation principle of FCS-MPC.

In Fig. 26, the dashed horizontal line represents the reference signal. The light circles indicate
the predicted values calculated for eachvo [i], while the dark circles represent the predicted output
that provided the lowest cost functionJ. This �gure visually demonstrates that, while the controller
is easy to implement as it does not require an analytical analysis involving controller gains, it has
the disadvantage of high computational cost. This is evident as themicrocontroller calculates the
next predicted output based on the possible input values in eachsampling period. In a three-phase
system, for instance, it is common to create a table with eight possible input values, leading the
microcontroller to compute the eight predicted outputs to selectthe input combination that minimizes
the cost function.

Pseudocode 6 details the algorithm implementing FCS-MPC discussed above.

3.2.2 Feedback Linearization Control (FLC)

Traditional linear control methods are commonly used to design controllers for power convert-
ers. In these methods, linearization is achieved through Taylor approximation, involving the calculation
of Jacobians matrices to obtain a suitable model representationfor small-signal analysis, aiming at
stability evaluation and controller design. This entails linearizing the system equations around an
equilibrium point and analyzing them using classical techniques such as eigenvalues or frequency
domain analysis (ZHAO; QIAO; HA, 2013). According to Jorge, Solsona,and Busada (2022), sat-
isfactory performance is achieved when conducting small-signal analysis. However, converters often
encounter substantial variations in disturbances that need to be rejected and references tracked. In
such circumstances, linear controllers may experience performance degradation, potentially leading
to instabilities. This occurs due to the nonlinear nature of the system, where linear control methods
only ensure stability in situations involving small disturbances. To avoid this scenario, it is possible
to design controllers using non-linear control approaches.

The nonlinear control approach employed in this research linearizes the system nonlinear
equations using feedback control action, a technique known as feedback linearization control. This
approach, well-established and gaining renewed momentum, hasproven successful in various electronic
power converters (CALLEGARO et al., 2018; LENZ; PAGANO; STRAMOSK,2014). This technique
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Algorithm 6: Pseudocode of the FCS-MPC
vo [4] Ã {0,–400,400,0}
S[4][2] Ã {

{0, 0},
{0, 1},
{1, 0},
{1, 1}

}
Input: i2 [k], vg [k]
Jopt Ã 1
J Ã 0
for i Ã 0 to 3 do

i2 [k+1] Ã k0(vo [i] –Ri i2 [k] –vg [k])+ i2 [k]
J Ã

�
� ipll [k] –i2 [k+1]

�
�

if J · Jopt then
Jopt Ã J
iopt Ã i

Output: S[iopt][0] , S[iopt][1]

is di�erent from the classical linearization method around an equilibrium point because it allows
the system to be linearized within the equations themselves,thereby canceling, either exactly or
partially, the nonlinear terms present in the model equations. The main idea behind this technique
is to algebraically transform the dynamics of the nonlinear system, either partially or completely,
so that linear control methods can be applied. It is worth notingthat this concept is distinct from
linearization around an equilibrium point, which leads to linear models for small signals, as feedback
linearization is achieved through exact transformations of the states rather than linear approximations
of the dynamics of the system. (ASSUN�C~AO; BARBI; PAGANO, 2022).

In linear systems, the in
uence of each control variable remains independent of the others.
However, when the e�ect of one variable relies on another, as seenin the product d1vc2, which
appears in(2), this interdependence introduces non-linearity. This research speci�cally applies the FLC
technique to the bidirectional DC-DC converter, demonstrating non-linearity due to the interaction
between the control signald1 and the voltagevc2. For the application of the FLC technique, the
lossless model was considered. Hence, applying linearization feedback in (2), we have:

Leq
di1
dt

= vc1 –d1vc2 = uLi (54)

where the termuLi represents a new external input that allows for the cancellation of the non-linearities
of the system. This external input can be implemented using a proportional-integral PI controller to
regulate the currenti1, as described below.

uLi = kpi
�
i¤1 –i1

�
+kii »i

d»i

dt
= i¤1 –i1

(55)

Reformulating (54) to ascertain the duty cycle:

d1 =
vc1 –

�
kpi(i¤1 –i1)+kii»i

�

vc2

(56)

As this control law exhibits singularity as the output voltage nears zero, we can suggest the
following modi�cation:
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d1 =

8
<

:

vc1 –
�
kpi(i¤1 –i1)+kii»i

�

vc2

; vc2 ¸ vbat

d1min ; vc2 < vbat

(57)

This implies that when the output voltage is lower than the battery voltage, which occurs
during the converter startup, the system operates in an open-loop mode with a constant duty cycle
value.

Note that substituting (56) into (54), we obtain:

Leq
di1
dt

= uLi (58)

rewriting (58) as a transfer function, we have:

i1(s)
uLi(s)

=
1

Leqs
(59)

Thus, instead of considering the average model of the system at the operating point, where
the current was modeled as a third-order system (10), the application of linearization feedback (54)
allows the controller can be designed based on an integrator-typesystem. The structure used to
design the current controller is illustrated in Fig. 27.

Figure 27 { Structure used for the design of thei1 controller.

Taking into account the structure presented in Fig. 27, the gainskpi andkii of the current-loop
controller were designed to achieve aPM = 90± and fc = fs/10 =2kHz. The gains that meet these
criteria arekpi = 4.19and kii = 921.

The control of the external loop (voltage loop) can be designed assuming that the current
loop is operating at steady state(i¤1 = i1), so (56) becomes:

d1 =
vc1

vc2

(60)

In (56), the currenti1 represents the sum of currents in the input inductors, and thereference
current, i¤1, can be obtained at the output of the voltage loop controller. Therefore, assuming once
more that d2 i2 = I inv, the reference current can be derived by substituting(56) into (4) carrying out
this substitution, and applying linearizing feedback, we obtain:

C2
dvc2

dt
=

vc1

vc2

i¤1 –I inv = uLv (61)

Using PI controller to control the voltage loop:

uLv = kpv
�
v¤

c2
–vc2

�
+kiv »v

d»v

dt
= v¤

c2
–vc2

(62)

rewriting (61) to ascertain the reference current

i¤1 =
vc2

vc1

�
kpv(v¤

c2
–vc2)+kiv»v +I inv

�
(63)
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And �nally, replacing (63) in (56), we obtain the control law

d1 =

vc1 –kpi

(
vc2

h
kpv(v¤

c2
–vc2)+kiv»v+I inv

i

vc1
–i1

)

+kii»i

vc2

(64)

The procedure for the design of the controller of the voltage loop can be conducted similarly
to the internal loop. Therefore, substituting (63) into (61), we obtain:

C2
dvc2

dt
= kpv

�
v¤

c2
–vc2

�
+kiv »v (65)

rewriting (65) as a transfer function, we have:

vc2(s)
uLv(s)

=
1

C2s
(66)

Therefore, instead of considering the average model of the system at the operating point,
wherevc2 is modeled as a second-order system(20), applying a feedback linearization(61) allows
the design of a controller based on an integrator system. The structure used to develop the current
controller is shown in Fig. 28.

Figure 28 { Structure used for the design of thevc2 controller.

Considering the structure shown in Figure 28, the gainskpv and kiv of the voltage-loop
controller are designed so thatPM = 90± and fc = fs/100 =200Hz are achievable. The gains that meet
these criteria arekpv = 2.36and kiv = 51.9. In the Bode diagram of Fig. 29, it can be seen that the
performance speci�cations were met in both the inner and outer loops through the gains of the
aforementioned controllers.

Substituting (64) into (2) and (4), the closed-loop dynamics of the interleaved bidirectional
DC-DC converter becomes:

8
>>>>>>>>>>>><

>>>>>>>>>>>>:

Leq
di1
dt

= –kpi

�
vc2

�
kpv(v¤

c2
–vc2)+kiv»v +I inv

�

vc1

–i1

�
+kii»i

C2
dvc2

dt
=

vc1 –kpi

(
vc2

h
kpv(v¤

c2
–vc2)+kiv»v+I inv

i

vc1
–i1

)

+kii»i

vc2

i1 –I inv

d»i

dt
= i¤1 –i1

d»v

dt
= v¤

c2
–vc2

(67)

The control loop of the converter with feedback linearization is presented in Fig. 30. In this
�gure, the notch �lter observed in thevc2 measurement is detailed in Appendix A. Additionally, an anti-
windup mechanism is implemented to prevent excessive saturation of uLv, avoiding the propagation
of high values toi¤1, thereby improving system stability.

Pseudocode 7 details the algorithm implementing FLC discussed above.
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Figure 29 { Bode diagram of voltage-loop.

Algorithm 7: Pseudocode of the FLC
Input: vc2 [k], vc1, i1, Iinv
vc2�lt [k] Ã
NFb0vc2 [k] +NFb1vc2 [k–1] +NFb2vc2 [k–2] –NFa1vc2�lt [k–1] –NFa2vc2�lt [k–2]

ev [k] Ã v¤
c2

–vc2�lt [k]
uLv [k] Ã kv0ev [k] +kv1ev [k–1] +uLv [k–1]
// Anti-windup
if uLvmin ¸ uLv [k] ¸ uLvmax then

¢ uLv [k] Ã 0
else

¢ uLv [k] Ã kv0ev [k] +kv1ev [k–1]
i�ltinv [k] Ã LPFb Iinv–LPFa1i�ltinv [k–1] –LPFa2i�ltinv [k–2]

i¤1 Ã
(uLv [k] + i�ltinv [k])vc2�lt [k]

vc1

ei [k] Ã i¤1 –i1
uLi [k] Ã ki0ei [k] +ki1ei [k–1] +uLi [k–1]

u1 Ã
vc1 –uLi [k]
vc2�lt [k]

Update of the variables: vc2�lt [k–2], vc2�lt [k–1], vc2 [k–2], vc2 [k–1], ev [k–1],
uLv [k–1], i�ltinv [k–2], i�ltinv [k–1], ei [k–1], uLi [k–1]

if u1 ¸ 1 then
u1 Ã 1

if u1 ¸ 0 then
u1 Ã 0

d1 Ã u1
Output: d1
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Figure 30 { Block diagram of FLC controller.
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3.3 GRID SYNCHRONIZATION USING A SINGLE-PHASE PHASE-LOCKED-LOOP (PLL)

Development of PLLs began in the 1930s to synchronize received radio signals. Since then,
PLL technology has been applied in many areas, including communication systems, motor drives,
power supplies, and grid synchronization of renewable energy systems. PLLs are used in grid-tied
synchronization applications, especially renewable energy generation systems. In the single-phase
inverter studied in this research, the PLL was used to estimate the grid phase and frequency. This
enables the synchronization of the inverter output current withthe grid voltage, ensuring operation
at the same frequency to inject or extract energy from the grid (LIU; BLAABJERG, 2021).

3.3.1 Structure of PLL

The basic structure of a typical PLL consists of three main components: the phase detector
(PD), the loop �lter (LF), and the voltage-controlled oscillator (VCO). The PD measures the phase
di�erence between the grid voltage input,vg, and the output signal, generating a phase error signal,
" dq. In this study, the PLL proposed by Ciobotaru, Teodorescu, and Blaabjerg (2006) was employed
to synchronize the output current of a single-phase inverter with the electrical grid. In the proposed
PLL, the authors suggest implementing a generalized second-order integrator (SOGI) to generate the
quadrature signal (QSG), thus forming the phase detector, asillustrated in Fig. 31.

Figure 31 { Structure of SOGI-QSG.

The quadrature components,v® and v¯ , are derived from processingvg through the following
transfer functions:

v®(s)
vg(s)

=
kqsg! gs

s2 +kqsg! gs+ ! g
2 (68)

v¯ (s)
vg(s)

=
kqsg! g

2

s2 +kqsg! gs+ ! g
2 (69)

where the gainkqsg can be tuned to set the SOGI bandwidth, making it suitable forvariable frequency
applications. According to the �ndings of Teodorescu, Liserre, and Rodriguez (2011), setting the gain
to kqsg=

p
2 results in a damping factor of»= 1/

p
2. This choice yields an approximate and optimal

trade-o� between settling time and overshoot in the dynamic response.
For its digital implementation, the Tustin method was applied, leading to:

v®(z)
vg(z)

= b®
1–z–2

1+a®1z–1+a®2z–2 (70)

v¯ (z)
vg(z)

= b¯
1+2z–1+z–2

1+a®1z–1+a®2z–2 (71)

where the gainsb®, b¯ , a®1 and a®2 of the SOGI are calculated as follows:
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b® =
2kqsg! gTs

4+2kqsg! gTs+
�
! gTs

� 2 , b¯ =
kqsg

�
! gTs

� 2

4+2kqsg! gTs+
�
! gTs

� 2

a®1 =
2

�
! gTs

� 2–8

4+2kqsg! gTs+
�
! gTs

� 2 , a®2 =
4–2kqsg! gTs+

�
! gTs

� 2

4+2kqsg! gTs+
�
! gTs

� 2

(72)

Applying the inversez-transform in (70) and (71), we obtain:

v® [k] = b®(vg [k] –vg [k–2])– (a®1v® [k–1] +a®2v® [k–2]) (73)

v¯ [k] = b¯ (vg [k] +2vg [k–1] +vg [k–2])– (a®1v¯ [k–1] +a®2v¯ [k–2]) (74)

The SOGI, together with the Park transform, forms the phase detector, as illustrated in Fig.
32. Following the PD, the error signal is processed by the LF to maintain a zero phase error, ensuring
precise synchronization. This control is achieved through a PI controller, whose digital implementation
is analogous to the development detailed in Section 3.1.1.1. Consequently, the di�erence equation
governing this PI controller is given by:

upll [k] = ke0 " dq [k] +ke1 " dq [k–1] +upll [k–1] (75)

whereke0 and ke1 are the digital gains of PI controller. The practice of summing the output of
the PI controller with the feedforward frequency,! � , is commonly used in PLL systems to enhance
both dynamic response and synchronization accuracy.! � represents the expected system frequency,
such as the mains frequency (e.g.,50 Hz or 60 Hz), enabling rapid adjustment of the VCO or other
phase generation components. This approach compensates for static errors, reducing settling time.
By improving transient response through pre-adjustment of the frequency close to the nominal value,
the technique relieves the PI controller, allowing it to focuson correcting minor and dynamic errors.
This enhances system stability and robustness by minimizingoscillations and instabilities in phase
control (ROLAND, 1997).

Figure 32 { Structure of PLL.

Teodorescu, Liserre, and Rodriguez (2011) analysis reveals the gains kppll
and kipll of the PI

controller can be calculated using the following equations:

kppll
= 2»! n, kipll = ! n

2 (76)

The damping factor can be set to»= 1/
p

2, and the natural frequency,! n, can be determined
from the settling time,ts, as follows

! n =
4.6
»ts

(77)

setting the settling time tots = 20ms, we obtain ! n = 325.269rad/s. Substituting this value into
(76), we havekppll

= 460 and kipll = 105800.
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So far, the grid frequency,! g, has been obtained. To achieve the phase required for synchro-
nization with the grid, the frequency is integrated, yielding the estimated grid phase, denoted asµg in
the PLL structure depicted in Fig. 32. To generate a sine wave withthe same phase and frequency as
the grid, it is su�cient to compute the sine or cosine ofµg, producing an output signal synchronized
with the grid voltage.

The simulation results of the previously described PLL are presented in Fig. 33.a displays the
QSG results, wherev® (red signal) is aligned with the grid signal (blue signal) and in quadrature with
v¯ (green signal). Fig. 33.b shows the Park Transform results, with the vd component (blue signal)
aligned with the amplitude ofvg, while the vd component (red signal) represents the phase error,
which should be zero if the phase angleµg is correctly synchronized with the grid. Fig. 33.c presents
the grid phase angle estimated by the Frequency/Phase-Angle Generator (FPG) integrator. Finally,
Fig. 33.d shows the VCO output, providing the reference current for the i2 control loop. The code
implementing the PLL algorithm described above is shown in Algorithm 8.

Figure 33 {Simulation results of PLL. (a) Quadrature Signal Generation, (b) Park Transform,
(c) Phase and frequency of the grid, (d) Signal in sync with the grid.
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Algorithm 8: Pseudocode of the PLL
Input: vg [k]
v® [k] Ã b®(vg [k] –vg [k–2])– (a®1v® [k–1] +a®2v® [k–2])
v¯ [k] Ã b¯ (vg [k] +2vg [k–1] +vg [k–2])– (a®1v¯ [k–1] +a®2v¯ [k–2])
Update of the variables: v® [k–2], v® [k–1], v¯ [k–2], v¯ [k–1]
vd Ã cos(µg [k])v¯ [k] –sin(µg [k])v® [k]
" dq[k] Ã 0–vd
upll [k] Ã ke0" dq[k] +ke1" dq[k–1] +upll [k–1]
Update of the variables: " dq[k–1], upll [k–1]
! g Ã upll [k] + ! �
µg [k] Ã Ts! g+µg [k–1]
if µg [k] ¸ 2¼ then

µg [k] Ã 0
else

¢ uLv [k] Ã kv0ev [k] +kv1ev [k–1]
if µg [k] ¸ 2¼ then

µg [k] Ã 0
end if
Ip Ã

2P
Vp

ipll Ã Ip cos(µg [k] +¼)
Update of the variables: vg [k–2], vg [k–1], µg [k–1]
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4 REAL-TIME HIL RESULTS

This section describes the experimental HIL results, in which digital control algorithms were
executed on a DSP F28379D. The validation of these results was carriedout using the Typhoon-HIL
402 system, as depicted in Fig. 34.

Figure 34 { Experimental setup of the Typhoon-HIL 402 system.

4.1 STARTUP ROUTINE FOR THE INVERTER

To conduct real-time simulation experiments, an initialization routine for the inverter was
required. Based on the schematic in Fig. 35, the following steps were implemented.

Figure 35 { Schematic used for inverter startup.
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1. Initially, the Sstart switch remains closed while theSgrid switch is kept open. Even with theSgrid
switch open, the inverter operates in a closed-loop mode, utilizing the PLL synchronization
angle, which continuously detects the grid voltage and sends the reference current to the
controller.

2. After successful PLL synchronization with the grid, theSgrid switch is closed.

3. At this point, the inverter is already connected to the electrical grid, with the PLL operating
in synchronization with the grid. As a result, theSstart switch is then opened, allowing the
inverter to operate in perfect synchrony with the electrical grid.

4.2 EXPERIMENTAL HIL RESULTS

In the following results, each �gure displays the battery current response in the �rst subplot,
the bus voltage in the second, and the grid current in the third. The responses of all strategies
discussed in Chapter 3 are overlaid for comparison. To enhance visualization relative to the grid
voltage, the grid current was multiplied by 10. The next subsectiondescribes four experiments: the
�rst two present the responses of the system to a 50% power reduction, while the last two explore
changes in the inverter operating mode (from battery charge to grid-feeding and vice versa).

4.2.1 50% power reduction

Fig. 36 presents the experimental results for each implemented control strategy, demonstrating
a 50% reduction in inverter power from 3 kW to 1.5 kW att = 1.5 s. Decreased amplitudes of the
battery and grid currents evidence this reduction. When usingthe control strategy where the voltage
vc2 was regulated by the inverter controller, the battery current showed a better response, with
almost no oscillation during the power reduction. However, thisapproach exhibited less robustness in
controlling the bus voltage.

4.2.2 50% power increase

Fig 37 presents the results of an experiment in which the inverter power was increased by
50%, from 1.5 kW to 3 kW, att = 2 s. It is important to note that in both experiments shown in Fig
36 and Fig 37, the inverter operated in battery charging mode.

4.2.3 Variation of operating mode from battery charge to grid-feeding

Fig. 38 presents the results of an experiment where the inverterinitially operates in battery
charging mode. During the charge, the grid current is in phase with the electrical grid. Subsequently,
at t = 0.5 s, the inverter switches to grid-feeding mode, as indicated by the battery current becoming
negative and the inverter current being out of phase with the electrical grid.

4.2.4 Variation of operating mode from grid-feeding to battery charge

Fig. 39 presents the results of an experiment where the inverterinitially operates in grid-
feeding mode. During this phase, the grid current is out of phasewith the electrical grid. Att = 1
s, the inverter switches to battery charging mode, as evidenced by the battery current becoming
positive and the inverter current being in phase with the electrical grid.
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Figure 36 {Time-responses for a power step-change of 50% from3 kW to 1.5 kW in battery
charging mode.



Chapter 4. Real-time HIL Results 60

Figure 37 {Time-responses for a power step-change of 50% from 1.5 kW to 3kW in battery
charging mode
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Figure 38 { Time-responses from discharge mode to battery charge mode.
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Figure 39 { Time-responses from charge mode to battery discharge mode.
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4.3 ANALYSIS OF RESULTS

Examining the time-domain responses, it is observed that all controllers exhibited similar
behaviors. However, some controllers showed notably di�erent results. For instance, in the control
strategy where cascaded control is applied to the inverter, thecurrent i1 demonstrated a less oscillatory
response, while the voltagevc2 exhibited a higher overshoot in response to disturbances. Another
controller that yielded distinct results was the one using FCS-MPC for currenti2, which revealed the
presence of high-frequency harmonics.

The MSE is a widely used metric for evaluating the quality and performance of a control
system. It is calculated as the mean of the squares of the errorsbetween the desired values and the
measured values of the system over time. A lower MSE indicates higher precision and less deviation
from the desired value. The formula to calculate MSE is:

MSE=

P Ntot
k=1

Ntot
(y¤ [k] –y[k])2 (78)

wherey¤ are the reference value,y are the measured values, andNtot is total number of samples
analyzed. For calculating the MSE, data from the curves shown in Fig. 36 were used, encompassing
both transient and steady-state responses. However, only the steady-state responses were used for
calculating e�ciency (´ ) and THD.

According to Tab. 3, the FCS-MPC strategy exhibited the highest MSE for the currenti2, also
causing a greater impact on the currenti1. Therefore, using the standard formulation of FCS-MPC,
this controller was the least recommended, as it showed the highest MSE.

Table 3 { Comparative table between performance indexes.

MSE
´ (%) THD(%)

i1 vc2 i2

Cascade control in DC-DC converter 0.3083 6.3071 0.0558 98.57 1.477
Cascade control in DC-AC converter 0.4555 25.0371 0.0571 98.66 1.445
PI control in the dq-domain 0.4420 6.1572 0.2895 98.57 1.834
FCS-MPC 2.9506 5.7437 14.1352 98.63 2.851
FLC 0.3788 9.9143 0.0585 98.61 1.487

Analyzing the MSE, the voltagevc2 in the cascaded control strategy applied to the inverter
stands out, as it also exhibited the highest MSE. This behavior was anticipated based on the
time-domain responses. The table also highlights the anticipated high THD in the currenti2 for
the FCS-MPC technique due to high-frequency switching components present ini2, evident in its
time-domain response.
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5 CONCLUSIONS

In this dissertation, the e�ectiveness of �ve control strategieswas evaluated using well-known
performance metrics such as MSE, PM, THD, and e�ciency. Analyzing these metrics, it was found
that although the FCS-MPC technique has the advantages of being the easiest to implement, as
it avoids analytical e�orts involving controller gains and does not require PWM modulation, it
showed disadvantages in controlling the currenti2. Speci�cally, FCS-MPC obtained the highest
MSE and THD values, indicating lower precision and more distorted signals being injected into the
electrical grid. However, it is worth noting that there are proposals in the literature suggesting that
the implementation of FCS-MPC could be improved, which were not explored in this work but are
intended to be implemented in future research.

Although these indices allow one to evaluate the control strategies performance, they are not
su�cient to conclude about their overall performance for this DC-AC converter. As is well-known, grid-
connected inverters are vulnerable to grid disturbances suchas short-duration AC voltage sags, rate of
change of frequency (RoCoF) or phase-angle jumps, which can causeunintended power curtailment
or even disconnection from the grid. Therefore, it is important to ensure that grid-connected inverters
are immune to this disturbances.

Tests involving voltage and frequency grid disturbances aim to improve the understanding of
the inverters response and will be carried out in future works.

As a perspective of this work, it is suggested to carry out real-time simulations taking into
account disturbances in the grid:

ˆ Inverter Response to a Ramp Increase in Grid Frequency;

ˆ Inverter Response to Short Duration Grid Voltage Sags ;

ˆ Inverter Response to Grid Voltage Phase-Angle Jumps.
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APPENDIX A { NOTCH FILTER

According to Proakis and Manolakis (2007), a notch �lter is designed to�lter or eliminate
certain frequencies from a signal. The design of the notch �lter involves the introduction of complex
conjugate zeros to reduce undesirable frequencies, playing a role in improving signal quality. This
�lter �lters out certain interferences and allows the desired frequencies to pass without distortion. In
the context of this search, the structure of the notch �lter used is as follows:

vc2�lt (s)
vc2(s)

=
s2 + ! c

2

s2 + ! c
Q s+ ! c

2 =
s2 + ! c

2

s2 +2»! cs+ ! c
2 (79)

where! c is the cuto� frequency, andQ is the quality factor, which is related to the damping factor
» by the equation:

Q=
1
2»

(80)

For the digital implementation of this �lter, the Tustin approximation was used. In this way,

vc2�lt (z)
vc2(z)

=
NFb0 +NFb1z–1+NFb2z–2

1+NFa1z–1+NFa2z–2 (81)

where:

NFa0= 4+! cTs(4»+ ! cTs), NFa1=
2

�
(! cTs)2–4

�

NFa0
, NFa2= 1–

8! cTs»

NFa0

NFb0 =
4+(! cTs)2

NFa0
, NFb1 =

2
�
(! cTs)2–4

�

NFa0
, NFb2 =

4+(! cTs)2

NFa0

(82)

applying the inverse z-transform in (81), we obtain:

vc2�lt [k] = NFb0vc2 [k] +NFb1vc2 [k–1] +NFb2vc2 [k–2] –NFa1vc2�lt [k–1] –NFa2vc2�lt [k–2] (83)

The quality factor of a �lter, especially in notch �lters, is essential for determining the rejection
bandwidth and the �lter's selectivity. According to Ye and Mohamadian (2016), the quality factor
a�ects how the �lter attenuates a speci�c range of frequenciesaround the! c. A high Q indicates
high selectivity, meaning the �lter can accurately reject a speci�c frequency without signi�cantly
a�ecting adjacent frequencies. Conversely, a lowQ indicates lower selectivity, which can be useful for
applications that require attenuation of a broad range of unwantedfrequencies. This e�ect ofQ can
be observed in Fig 40:

In this study, which involves a two-stage inverter, the grid frequency of 60 Hz is transmitted
at twice the frequency tovc2. This results in a 120 Hz harmonic being introduced into the control
loop, which is then injected into the current controli1 (see Fig. 13), and consequently into the battery
current. To solve this issue, the notch �lter mentioned above wasemployed, and the results can be
seen in Fig. 41.

In Fig. 41, it can be seen that by �lteringvc2, the ripple in currenti1 is reduced, making the
battery current nearly DC. Additionally, another way to visualize the in
uence of the �lter is through
the FFT, which can be seen in Fig. 42.

From the responses in both the time and frequency domains above, itcan be noted that
by inserting a notch �lter in thevc2 measurement, the current in the battery becomes nearly DC,
although this comes with an increase in oscillations invc2.
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Figure 40 { Magnitude response of the Notch Filter.

Figure 41 { Comparative graph between responses with and without using the notch �lter.
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Figure 42 {The FFT ofi1, vc2, andibat from 0 Hzto 300 Hz, with a closer examination around
the frequency of 120 Hz.
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