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RESUMO

Esta dissertacao apresenta um estudo comparativo sobrea@a de diversas estratgias
de controle aplicadas a um inversor monotsico de doggiest, conectadoa rede ektrica e
integrado a uma bateria. As ecnicas de controle analsauzuem: controle Pl em cascata
para conversores CC-CC e CC-CA, controle Pl no domnioaidrate por realimentacao
linearizante e controle preditivo baseado em modelo copartonnito de controle. O obje-
tivoe avaliar as estrakgias de controle para sistemasateegamento de veculos ektricos
com integracao da tecnologMehicle-to-Grid(Veculo para a Rede), utilizando netricas de
desempenho para assegurar a e ciéncia e e @cia desstemsis ha modernizecao das redes
ektricas. A avaliacao das estrakgias de controleanduzida por meio de netricas de desem-
penho, como erro nmedio quadiatico, margem de fase, diatmharmonica total e e ciéncia.
Os controladores sao analisados quantoa sua respostuidis de energia e a diferentes
modos operacionais, incluindo carregamento de bateriaecimento de energia para a rede.
As estraegias de controle foram validadas por meio delaimoHardware-In-the-LoofHIL),
utilizando um Typhoon HIL 402.

Palavras-chave: Controle Pl cascata; Controle por realimentacao lizaate; controle no
domnio dg; controle preditivo baseado em modelo com cbojuwito de controle; inversor
monotsico de dois eshgios.



RESUMO EXPANDIDO

Introdwcao

Conversores de eletrbnica de poténcia sao essencaadaptar a energia ektrica em diver-
sas aplicacees, como aparelhos donesticos, intagrae-energias renowaveis e sistemas de
armazenamento. Eles operam em diferentes tipos, como AOO®C, DC-DC e AC-AC, e
sa0 usados para modi car tensao e frequéncia, otinmzareciéncia dos sistemas de energia.
Esses dispositivos sao fundamentais para melhorarenei@i®nergetica e possibilitar o de-
senvolvimento de tecnologias inovadoras, como 0 armaget@he energia e a integracao de
fontes renowaveis (SIWAKOTI; FOROUZESH; PHAM, 2018). B&mas de armazenamento
de energia, como 0s sistemas de baterias, sao essen@amquiernizar as redes ektricas,
oferecendo benefcios como a reducao de picos de deneadaelhoria da qualidade da ener-
gia. Esses sistemas utilizam interfaces eletrbnicasté@aga para controlar o uxo de energia
e ajustar as formas de onda de tensao e corrente (LENZ @04l7). Entre suas aplicacees,
destaca-se o carregamento de veculos ektricos. Osrst de equipamentos de fornecimento
de veculos ektricos (EVSE) sao essenciais para ogaarrento das baterias dos veculos, sendo
fundamentais para a adacao em larga escala dos vecktdsas (AJANOVIC, 2015). Com
0S avarcos nas tecnologias de armazenamento de energi@scarde integracao dos veculos
ektricos nas redes inteligentes, surge a necessidadepttgag novas funcionalidades para
aprimorar o valor e a e @cia desses sistemas. A tecnolgjacle-to-Grid (V2G) permite que
as baterias dos veculos ektricos fornecam energiaal@\para a rede ektrica, transformando
os sistemas EVSE em plataformas bidirecionais. Essarfalidamle melhora a estabilidade
da rede, o gerenciamento de demanda e a integracao desfdatenergia renovavel. Para
suportar 0 V2G, os sistemas EVSE precisam de interfacenelat avarcadas para gerenciar
e cientemente o uxo bidirecional de energia, abm deesisis de controle e comunicacao para
coordenar o EVSE, o veculo e a rede (TAN; RAMACHANDARAMHRTYONG, 2016). A
integracao do V2G melhora a e ciéncia da rede, maximuz@lidade das baterias e impulsiona
a infraestrutura de mobilidade ektrica, alinhando-se aoetas de reducao de emissees e
e ciéncia energetica.

Objetivos

A dissertacao tem como objetivo principal avaliar e @@mestratgias de controle para sis-
temas bidirecionais de carregamento de veculos ektrcom integracao da tecnologia V2G.
O estudo concentra-se em um sistema de carregamento déabaderons de Itio em dois
eshgios, composto por uma etapa DC-DC e uma etapa DC-AGasica, bidirecional e
conectada a rede. As estrakgias de controle sao impitaas e avaliadas por meio de
simulacees em tempo real utilizando HIL, aplicando icae de desempenho para analisar
a e ciéncia e a e @cia desses sistemas na modernizazmoredes ektricas. Os objetivos
espec cos incluem: (i) comparar estraegias de cordralplicadas a inversores monofsicos
de dois eshgios conectadosa rede com integracao derlagt(ii) avaliar a efetividade dessas
estraegias por meio de netricas de desempenho, comoneua quadatico (MSE), margem
de fase (PM), distoicao harmoénica total (THD) e e ciéac(iii) analisar a resposta dos con-
troladores a disurbios de carga e modos operacionaisimao carregamento e fornecimento
de energia da bateria para a rede, e (iv) desenvolver e igmianum modelo de simulacao
para validar as estratgias de controle em cerarios apenais reais.

Metodologia



A simulecao HILe uma ferramenta amplamente utilizadeapgadesenvolvimento e validecao
de sistemas de eletronica de poténcia, especialmente@mlogias EVSE e V2G, permitindo
testes em tempo real de algoritmos de controle e desempenhbardware real em ambiente
virtual, o que possibilita uma avaliacao segura e eca@sem a necessidade de um prootipo
completo (KHAN, A. et al., 2017). A plataforma Typhoon Hlbnbecida pela delidade nas
simulacoees, oferece modelagem detalhada e emulagas@rde conversores de eletrbnica de
poténcia. Aem disso, ndices de desempenho, como o \WSE,THD e e ciéncia, sao essenci-
ais para comparar e otimizar ecnicas de controle, ganaiatiprecisao de controle, estabilidade
do sistema, qualidade da energia e e ciéncia operaciorple orienta a escolha de solucees
equilibradas entre as necessidades dos ustarios e atabdidade econdmica dos veculos
ektricos.

Resultados e Discussao

Nesta dissertacao, foram avaliadas cinco estraegesahtrole utilizando netricas de de-
sempenho como MSE, PM, THD e e ciéncia. A ecnica FCS-MPg@esar de ser de fcil
implementacao, obteve os maiores valores de MSE e THDg onglicou menor precisao e
maior distolcao nas correntes injetadas na rede eketfionbora haja propostas para melhorar
a implementacao do FCS-MPC na literatura, elas nao fagpioradas neste trabalho, mas
sao previstas para futuras pesquisas. Aem disso, faaeo que as netricas de desempenho
por si © nAao sao su cientes para avaliar o desempenbalglas estrategias de controle em
conversores DC-AC. Isso se devea vulnerabilidade doesaregconectadosa rede a disturbios
como guedas de tensao, variacees de frequéncia (Re&Qokpancas no angulo de fase, que
podem comprometer o desempenho do inversor. Portantaglbrab futuros envolverao simu-
lacees em tempo real para avaliar a resposta do inverssses eisurbios, visando garantir
sua imunidade e melhorar a robustez frenteas variacaagde ektrica.

Palavras-chave: Controle Pl cascata; Controle por realimentacao lizeate; controle no
domnio dg; controle preditivo baseado em modelo com cbojuwito de controle; inversor
monofsico de dois eshgios.



ABSTRACT

This dissertation presents a comparative study on the &eoess of various control strategies
applied to a two-stage single-phase inverter connectedhdogtid, with integrated battery
storage. The control techniques analyzed include: caddadeontrol for DC-DC and DC-AC
converters, PI control in the dq domain, Feedback Lindariz&ontrol, and Finite Control Set
Model Predictive Control. The primary objective is to assesitrol strategies for electric vehicle
charging systems with Vehicle-to-Grid integration, ugiagormance metrics to ensure the
e ciency and e ectiveness of these systems in moderniziagtecal grids. The e ectiveness
of the control strategies is evaluated using performandeaseuch as mean squared error,
phase margin, total harmonic distortion, and e ciency. Tbentrollers are evaluated based
on their response to energy disturbances and operationdgésnancluding battery charging
and power supply to the grid. The validation of control €gis was conducted through
Hardware-In-the-Loop simulation using a Typhoon HIL 402.

Keywords: Cascade PI control; Linearizing feedback control; dgadomontrol; model-based
predictive control with nite control set; single-phaseotgtage inverter.
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1 INTRODUCTION

Power electronics converters are important in variousegijans, from small electronic
devices to large-scale power systems. By utilizing seductor switches operating at various
frequencies, these converters are essential for adapéicgieal energy in di erent contexts.
There are various types of converters, such as AC-DC, DA C, and AC-AC, each
suitable for speci ¢ applications, including householpliapces, renewable energy integration,
motor drives, and energy harvesting systems. Additioralhwerters can modify the voltage
or frequency of electrical energy, with AC-AC convertees ts transform alternating current
sources and DC-DC converters employed to maximize theyemeigncy of power processing
systems. These devices not only improve energy e ciencylsotenable the development of
innovative technologies, such as integrating renewablee®and energy storage (SIWAKOTI;
FOROUZESH; PHAM, 2018).

In the current context, energy storage has become an emlsemtnponent for modern-
izing electrical grids. Indeed, energy storage systenfS)(E8vide a wide range of services to
the grid, such as peak demand reduction, improved poweitygaald enhanced grid reliabil-
ity. Most of these storage technologies, particularly éattenergy storage systems (BESS),
require a power electronic interface composed of solid-statching devices. This interface is
responsible for controlling the energy ow and convertimg toltage and current waveforms
necessary to ensure the proper functioning of the system4Lét al., 2017). Among the
various applications of ESS, the eld of charging electeiticles stands out.

Electric vehicle supply equipment (EVSE) systems playatapirole in this context,
providing the necessary energy for charging vehicle lestitérhese systems are crucial for
the widespread adoption of electric vehicles, ensurinfadbleenergy source for the charging
process (AJANOVIC, 2015). However, with advancementsdarggrstorage technologies and
the increasing integration of electric vehicles into sgads, there is a pressing need to explore
additional functionalities that enhance the value and #wemness of these systems.

One of these features is vehicle-to-grid (V2G) technolegich allows electric vehicle
batteries to supply power back to the electrical grid, tfamsing the EVSE into a bidirectional
platform. This functionality enhances grid stability, ged management, and integration of
renewable energy sources. To support V2G, EVSE must imate@alvanced capabilities for
charging and discharging, requiring a sophisticated peleetronic interface for managing
bidirectional energy ow e ciently. Additionally, V2G irfgmentation demands control and
communication systems to properly coordinate the EVSH¢leeland grid. Integrating V2G
with EVSE enhances charging systems, contributes to griieacy, maximizes battery use-
fulness, and advances energy management and electriatynoibfestructure in line with
emission reduction and energy e ciency goals (TAN; RAMAGIBARAMURTHY; YONG,
2016). Given the complexity and importance of these systiim®ugh testing and validation
are essential.

To achieve this, Hardware-In-the-Loop (HIL) simulatioa isidely used tool for devel-
oping and validating power electronics systems, espef@alEVSE and V2G technologies. It
enables real-time testing of control algorithms and sysienformance using actual hardware
in a virtual environment, o ering a safe and cost-e ectivaywo evaluate complex systems
without a complete prototype (KHAN, A. et al., 2017). TypmoHIL is a platform renowned
for its high- delity simulation capabilities, providingtdiled modeling and precise emulation
of power electronics converters.

In addition to the advancements provided by HIL simulagp@nformance indices are
key tools for comparing and optimizing control technigustrics such as Mean Squared
Error (MSE), Phase Margin (PM), Total Harmonic DistortiohHD), and e ciency are used
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to assess and re ne strategies for bidirectional chargistems. MSE re ects control accuracy,
while phase margin supports system stability. THD helpsataiaienergy quality and minimizes
the impact on the power grid, and e ciency in uences costeauional performance, and
energy management of the EVSE. Together, these metridgdtecthe evaluation of di erent
approaches, guiding the selection of solutions that balarser needs with the economic
sustainability of electric vehicles.

1.1 JUSTIFICATION

The increasing demand for e cient energy solutions andgrdaéng electric vehicles
into smart grid infrastructures underscores the signicgaof ESS and EVSE (MWASILU et al.,
2014). With advancements in storage technologies, suckthasri-ion batteries, and the
pressing need to reduce carbon emissions, the e ciency a&utiveeness of charging systems
have become crucial. In this context, power electronicgertars play a vital role, facilitating
the adaptation of electrical energy for diverse applioat@nd optimizing the integration of
storage systems (LI et al., 2018; BLAABJERG et al., 2006).

As technologies evolve, so does the complexity of the sysezuired to ensure the ef-
cient and sustainable operation of these devices (HANNBAN.£2017). The V2G technology
is a signi cant innovation that allows electric vehicletbags to not only receive energy but
also return it to the electrical grid, thereby enhancingl gtability and demand management
(MWASILU et al., 2014; YILMAZ; KREIN, 2012). For these systéorfunction e ectively, pre-
cise control and ongoing performance evaluation of EVSingrerative (CABRERA-TOBAR
et al., 2022).

Therefore, evaluating and optimizing control strategasbidirectional EVSE systems
is imperative. A comprehensive analysis of performana&ecmencluding MSE, PM, THD, and
e ciency, is essential for identifying the most e ective@paches to enhance the operation
of EVSE. Consequently, this contributes signi cantly te thperational 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 optircaetrol strategies for
bidirectional electric vehicle charging systems with \f@&gration. The study focuses on a
two-stage lithium-ion battery charging system consisting DC-DC stage and a DC-AC stage,
which is single-phase, bidirectional, and grid-conne&edtrol strategies are implemented
and evaluated using real-time simulations using HIL, gnamgigperformance metrics to assess
the e ciency and e ectiveness of these systems in modergielectrical grids.

1.3 SPECIFIC OBJECTIVES

A

Compare control strategies applied to single-phase, tagesnverters connected to the
grid with battery integration.

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

Analyze the response of the controllers to load power dishawes and operational modes,
including battery charging and battery-to-grid energyveey.
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" Develop and implement a simulation model to validate costrategies and evaluate
their performance in real-world operating scenarios.

1.4 WORK STRUCTURE

The introduction emphasizes the signi cance of power |laats converters in various
applications, underscoring their essential role as adesfin ESS and EVSE. It also discusses
V2G technology, which enables bidirectional energy owaecing grid stability and facilitating
the integration of renewable energy sources. Evaluatir@EEpérformance using metrics such
as MSE, PM, THD, and e ciency is crucial for optimizing battional 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-integrdtatiery energy storage systems. In
particular, an interleaving two-stage inverter, which poses an interleaved bidirectional
converter and a full-bridge single-phase inverter coedect the grid, is adopted to evaluate
di erent control strategies. The modeling of this converige presented, focusing on the
phase-shifted carrier modulation strategy and its e e8isbsequently, the system modeling
is validated in the time domain. Additionally, this chapteplores the operating modes of
grid-connected inverters, emphasizing the applicatiosirafsoidal pulse width modulation
(SPWM).

Chapter 3 { Strategies for controlling two-stage inverters: after modeling the
converter, ve control strategies are detailed: Cascadaesul Pl control for both DC-DC or
DC-AC stages, PI control in dg coordinates, Finite contebl sModel predictive control (FCS-
MPC), and Feedback linearization Control (FLC). The chaptso discusses the Phase-locked
loop (PLL), which is the algorithm responsible for grid Byogization.

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

Chapter 5 { Conclusions: this chapter summarizes the main research ndings, high-
lighting the advantages and disadvantages of each comitbhique and their practical impli-
cations. Additionally, directions for future work are seggd.
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During the master degree, an article was published at a iEde:

YAMAGUTI, N. N.; PAGANO, D. J.; DA SILVA, C. E. M. Feedbackekirzation
Control of a Grid-Connected Two-Stage Single-Phase kwvént 2023 IEEE 8TH SOUTHERN
POWER ELECTRONICS CONFERENCE (SPEC). FloriaropolisE |RB23. P. 1{8.

And | also co-authored another conference paper:

PATARROYO-GUTIERREZ, L. D. et al. Single inductor dual bunslerter classical
and predictive linear voltage controller comparison. 0232EEE 8TH SOUTHERN POWER
ELECTRONICS CONFERENCE (SPEC). Fldrapolis: IEEE, 2023. P. 1{5
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2 TWO-STAGE SINGLE-PHASE INVERTERS

This chapter presents the power electronics converterntacthres used in BESS
connected to the electrical grid, which can be either sisiglge or two-stage. Next, the most
commonly used DC-DC converter architectures in BESS apphe are discussed. Among
these, the half-bridge converter is highlighted as the midely used, followed by a detailed
analysis of its interleaved version with phase-shiftedecsr After examining the converter
used in the DC-DC stage, the converter employed in the DCt&ge $s discussed, including
the operating modes of the grid-connected inverter andithessidal modulation used. Finally,
the modeling and validation of the obtained model are cdeduc

2.1 ARCHITECTURES OF POWER ELECTRONICS CONVERTERS FOR GRBGRATED
BATTERY ENERGY STORAGE SYSTEMS

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

To enhance the stability of the DC bus voltage, it is bené twaincorporate a DC-
DC stage between the batteries and the DC-AC stage. Thigianla stage facilitates the
regulation of voltage uctuations and improves overaltesysperformance. Among the various
DC-DC converters, the interleaved bidirectional convedrées gained popularity due to its
ability to minimize ripple in both input and output curreiAVIER, 2022).

When the battery voltage is insu cient for direct connectito the DC bus, two-stage
converters become essential. They integrate a bidiredtid€-DC converter with a DC-AC
stage (see Fig. 1.b) to enable e cient and exible convandi@tween the battery and the grid.
This setup enhances reliability by avoiding multiple biisein series but requires more power
switches and can become inoperable if any stage fails. EQvilew ers exibility, e ciency,
and improved control, enabling advanced control straseg®®CHUPBACH; BALDA, 2003;
PONNALURI et al., 2005).
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Figure 1 {Topologies of Power Electronics Converters for Grid-tated Battery Energy
Storage Systems. (a) Single-stage. (b) Two stages.

2.2 DC-DC POWER CONVERSION STAGE

The main bidirectional DC-DC converter architectures fBSB applications include
buck-boost and 'cuk converters. The half-bridge con gratdepicted in Fig. 2, is commonly
employed due to its ease of implementation and lower cocraplexity compared to other
architectures. This con guration functions as a buck cetareduring battery charging and as
a boost converter during battery discharging (PIRES etall4).

DC-Link

Grid

A \|
Filter g;}

Battery =

Figure 2 { Leading bidirectional DC-DC converter architeetfor BESS applications.

The interleaved DC-DC converter is a variation of the hadfge converter. In this
arrangementN half-bridge cells are connected in parallel, as illustratd-ig. 3. According to
Lazc, Zivanov, andSast (2010), a key advantage of interleaved converterheir ability to
reduce ripple currents in both input and output currentsiilar to multilevel converters. Each
cell in an interleaved converter includes an inductor tinatd the current ripple. Additionally,
interleaved converters o er several bene ts: comparedrtcequivalent single-phase boost
converter, the current ripple is signi cantly reducedpwihg for smaller inductors. Individual
inductors can have lower inductance for the same curreplerifurther decreasing their size.
Furthermore, increasing the number of cells further dsee¢he 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 P¥&iviers, according to:

360°
=— 1
M=—g (1)
whereN represents the number of parallel legs, pnslithe phase shift angle. Thus, in a system

with three parallel legs, the phase shift®0". Consequently, the e ect of the PWM outputs



Chapter 2. Two-stage single-phase inverters 22

DC-Link

. Grid

p— A. )
Filter é\)

Battery =

Figure 3 { Interleaved DC-DC Converter.
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Figure 4 { Reduction of the current ripple as the number dEgetreases.

is similar to that shown in Fig. 5.a. As a result, the currentsach inductor are phase-shifted
relative to each other, and the sum of the currents in eachraduces the current ripple in
the battery, as illustrated in Fig. 5.b.
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Figure 5 {Phase shift signals in three-phase interleaved convef@@rSignals applied to the
converter switches; phase shifted by 120 degrees; (b)r@umreach input inductor
and Battery Current.

2.3 DC-AC POWER CONVERSION STAGE

As discussed earlier, the interleaved bidirectional camvaperates as a buck converter
to charge the battery and as a boost converter to discharg®dgtlitating DC-DC energy
conversion. To integrate the battery with the electricatiga converter capable of operating
in two distinct modes is used: as a recti er (AC-DC converdren power ow is directed to
charge the battery and as an inverter, performing DC-ACggnesnversion when the battery
supplies energy to the grid (BARBI, 2022).

According to Rocabert et al. (2012), inverters play a ciuck in energy management
in electrical systems, with various operating modes dépgrah speci ¢ applications and
system requirements, each contributing to grid functibpnaind stability. The main operating
modes include Grid-Forming, Grid-Feeding, and Grid-3tipgoThe grid-forming mode allows
the inverter to establish and maintain an independent grishiorogrid, controlling frequency
and voltage, thus serving as the main source of stabilitysgndhronization. Grid-Feeding is
characterized by the injection of active power into the §odh sources such as batteries or
solar panels, while Grid-Supporting involves supportieggtid by providing reactive power,
voltage control, and response to disturbances to optimizkaggperation.

This study investigates an energy conversion system in aomodes: grid-feeding and
battery charging. In the grid-feeding mode, energy is tearesd from the battery to the grid. As
depicted in Fig. 6.a, the curreny is out of phase with the grid voltagey, resulting in negative
power according to the adopted convention (sikRcandvg are phase-opposed). Additionally,
the currenticc is considered negative, indicating that the battery segpéinergy to the grid.
As Barbi (2017) notes, the inverter is perceived by the mtattgrid as negative resistance,
determined by the power balance under current control, @picted in the equivalent circuit
in Fig. 6.b. Unlike a positive resistance that consumesgygnamegative one generates energy.
Although this study uses a battery bank as the DC voltagecsputher sources, such as
photovoltaic generators, wind generators, or fuel cedis,also be utilized.

In battery charging mode, energy is transferred from thek tgrihe battery, with the
currentip in phase with the voltagey, as shown in Fig. 7.a, resulting in positive power ow. In
this mode, the inverter behaves as a positive resistaniteitsvequivalent circuit presented in
Fig. 7.b, functioning as an active recti er with a unit powactor. To achieve this operation,
sinusoidal pulse width modulation (SPWM) is commonly eyeplaue to its simplicity.

Despite its advantages, SPWM introduces low-frequencydracs in the load voltage,
necessitating large lters for attenuation. Two-level ratadion, or bipolar modulation, whose
modulator implementation can be seen in Fig. 8.a, contratspmirs of switches with the
same signal, producing output voltagess®fcc, with the signals produced shown in Fig. 8.b.



Chapter 2. Two-stage single-phase inverters 24

Battery

QLY
Vg
lo
0 e t
R<0 DY)
0 t
icc T 2

(a) (b)

Figure 6 {VSC operating as grid-feeding. (a) Typical waveforms. @prBsentation of the
equivalent circuit by a negative resistance.
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Figure 7 {VSC operating as a battery charger (a) Typical waveformsRépresentation of
the equivalent circuit by a positive resistance.
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Figure 8 {Bipolar sinusoidal PWM. (a) Implementation of the modulafb) Inverter output
(top gure) and modulating signal (bottom gure).
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Although simple, this technique is not e ective in reduciymonics. In contrast,
three-level modulation, or unipolar modulation, whose utaddr implementation can be seen
in Fig. 9.a, independently controls each inverter leg usimgcontrol signals: two out-of-phase
sinusoidal modulators, a high-frequency triangular eramwave, and two comparators. This
method produces output voltages @and § V¢, with the signals produced shown in Fig. 9.b.
Unipolar modulation signi cantly reduces harmonics atalal for smaller lters, making it
the preferred choice among inverter manufacturers (BARB?2). Due to these advantages,
including improved harmonic reduction and lIter e cienapipolar modulation was employed
in the present research.

Veo
> 0
Modulating signale _xg v
> —Vee
T
O Carrier 0 /\/
Ve

() (b)

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

2.4 MODELING OF THE SYSTEM

The single-phase two-stage inverter used in this researtlbe seen in Fig. 10. In
this gure, capacitorsC; and C, were used as a smoothing energy bu er. However, a low
capacitance value was used@rand a high capacitance value @y to decouple the dynamics
of the two stages. Due to the interleaved structure in indrgdtq, Lo, L3, the currents ripple
in the capacitor<€; and C, are mitigated.

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

di i
Leqd_:- = —Req' 1+Ve; —U1Ve, (2)

dVC . 1
Cl—A ==y +— 3
1 dt _|l RbatVC1 Rbatvbat ( )
CZ%zulil—UZiZ (4)

dt
di )

Ligg =U2Ve,~Rii2 Vg (5)

Where:
" Vg, is the voltage across capacitoy.
" Vg, is the voltage across capacitOp.

" Cj is the Capacitor in parallel with the battery.
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Figure 10 { Single-phase two-stage grid-connected inverte

C, is the Capacitor in link-DC.

Vpat IS the battery voltage.

i> Is the current through the inductdy;.

Vg is the grid voltage.

Ryat is the internal resistance of the battery.
L; is the inductance at the inverter output.

R is the resistance at the inverter output.

Considering equivalent series resistance (ESR) of induttors(R; =Ry =R3=R)
and input inductancef.; =L>=L3=L) equal for all legs of the DC-DC converter, moreover,
consideringN the number of legs, the equivalent inductance can be oltanyesetting
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Leq=L/3 and the equivalent resistance can be obtained by seRigg R/3. In addition, the
X3
total current through the input inductors4() is given byiq =i 1 +i 2+i 3= i,_l..
j=1
The average control signals of the interleaved bidirem:tionnvertér and the single-
phase inverter are representedugyand u,, respectively, witld- u; - 1 andu, in the range
-1.- up- 1. These signals are associated with the duty cycles of theed®mns, which are
compared to triangular waveforms to generate the gate Egoaswitches using PWM. The
duty cycles are de ned a; =uq anddy, =0.5u>+0.5 whered; corresponds to the duty cycle
of the bidirectional converter ara) to that of the single-phase inverter.
To derive the control model of the DC-DC converter using thesical method, equa-
tions (2), (3), and(4) were employed. To simplify the modeling, the inverter walsiced by a
constant current sourcky,. With this approximation, the terrdyis is no longer time-varying
and becomesdyis =l;,,. Therefore, assuming thab i, =1;,,, we have:

_ l:
[ = |nv, 6
15D, (6)
_ D - F
V01 — 1Vbathbat |nv' (7)
_ DqVhat—1; +
ch= 1 Vbat |B\;(§eq Rbat)’ (8)

where the terms,, V¢,, V¢,, and Dy represent, respectively, the current through the input
inductors (1), the voltage across capacit@;, the voltage across capacit@,, and the
duty cycle d at the equilibrium point. The small-signal niadn be obtained via Taylor
approximation by calculating the jacobian matrices, teguin

2 3
2 3 2-— L —ﬂsz 3 0 0o = 2 3
4.0 tea  Leq  lLeq ™ L LeqZ “ v
_4VC5= 0 4V05+ 0 0 4| 5 (9)
dt Ci  RoatCi vo. 6RoatC1 ) dy
? D1 0 0 ’ o _+ 1
C2 C G

From (9), the transfer functions of the current in the inductangj, and the voltage
in the capacitorhve,i, to the duty cyclejd,i, were obtained as:

hq(s)i _
hdy(s)i

C1CoRpatVe,+ C1D111Ryat+CoVe, s+D1ly (10)
C1CoLeqRpatS3+Co Leq+CiRpatReq 2+ C1D12Rpat+Co RpartReq S+D12

hve, (9)i _
fdl(_S)i ~ - ~ B 11
Cil1LeqRoars*+T1 Leq+C1RpatReq—C1D1RpatVe, S+11 Rpar+Req —D1Vo, (11)
C1CoLleqRpats®+Co LeqtCiRpatReq 9+ C1D1%Rpat+Co RpartReq s+D1?
In these equations, the symbdis represent the average values of the variables, ef-
fectively capturing the dynamic behavior of the system avswitching period. Thugji
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represents the average current in indudtgrand hvg,i denotes the average voltage across
capacitorvg,, with respect to the duty cyclé;.

2.5 MODEL VALIDATION

In the sec. 2.4, the voltage and current models were derived the average state-
space model. In this section, model validation will beezhwut 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  Ryat 0.01-
Input Phase Inductance L 1 mH
Input capacitance C1 470uF
DC-Link capacitance Cy 1880uF

Battery voltage Vbat 205V

DC-Link voltage Ve 400V
ESR of Iter inductor R 0,12-
Grid lter inductance L 3mH
Power P 3kw

Grid voltage Vg 220V

Frequency fg 60 Hz

Switching frequency fs 20kH

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

P
liny==—=7.5A 12
=g (12)
from (12) and (8), we derive

D;=0.5112 (13)

Subsequently, by employifg), it can be concluded that the current, at the operating
point, should be equal tb; = 14.6691A. Using these values and the parameters from Tab. 1,
the results displayed in Fig. 11 were obtained. In the upghgof Fig. 11, the curves validate
the model of the current: the blue signal represents the switched model (measuspdnse
in the circuit) and the red signal represents the averagedeimbtained from linearization at
the operating point. In the lower graph, the curves validiaéeemodel of the voltagec,: the
blue signal is the switched model (measured response inrthié)c and the red signal is the
linearized averaged model.

The full-bridge inverter used in this research is a linestesy, eliminating the need
for linearization around an operating point. The invertesdeling is performed based on
(5). Applying the Laplace transform {8) and considering the grid voltage;, as an input
disturbance, we obtain:
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Figure 11 {Comparison between the average model and the switched foodeirrent,iy,
and voltagevg,.

29= <17 (90 a4)

wherekK; is the inverter gaing; is the inverter time constant, arid(s) is an input disturbance.
These parameters are de ned as:

FRPINRC)
MCRE (15)

To validate the model, the same sinusoidal signal was dpplithe full-bridge single-
phase inverter and the model without disturbance, resuitinthe curves shown in Fig. 12. In
this gure, the blue signal represents the inverter respowhile the red signal corresponds to
the model's respongd4). It can be observed, both in Fig. 11 and Fig. 12, that the oleidi
models accurately represent the variables to be controlled
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Figure 12 { Comparison of the average model and the switctustelfor currenis.

2.6 CHAPTER CONCLUSIONS

This chapter presented the two-stage single-phase imwegelogy in a grid-connected
battery energy storage system. The half-bridge converidely used in BESS applications, was
then detailed, and the advantage of employing its intedéarersion with phase-shifted carriers
was examined. After detailing the converter used in the [@Csiage, the converter used in
the DC-AC stage was described, including the operating snofdhe grid-connected inverter
and the implementation of unipolar sinusoidal modulatimilowing the system description,
the system model obtained via Taylor approximation wasepted, 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 Weedtage inverter. In Section
3.1.1, an approach is introduced that employs a cascadedotlentstructure to regulate
the DC-DC converter. In this cascaded structure, the inmep lcontrols the current in the
inductors, and the outer loop controls the DC-link voltagjethe same time, in the inverter,
a resonant controller controls the current injected oraoted from the grid.

In Section 3.1.2, another strategy is discussed in which oRly antroller is used
to regulate the currents in the inductors of the DC-DC comreMeanwhile, the inverter
controller is composed of a cascaded structure, where titeotof DC-link voltage is handled
in the outer loop, and current control, whether injected>dracted from the grid, is managed
in the inner loop.

The following control strategies are proposed to control$tage inverters:

Cascade PI linear control of the DC-DC stage;

Cascade PI linear control of the DC-AC stage;

Pl Control in the dg-domain;

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

o & w0 D P

Cascade Feedback Linearization Control (FLC).

All strategies are initially developed in a continuous domaad 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 eatbldoop has a distinct
time constant, allowing it to be approximately decoupledhls con guration, the inductor
current is regulated within the inner loop, while the vadtag the capacitokg, is controlled
within the outer loop. Fig. 13 illustrates the cascade aargtructure used in this strategy.

s

Figure 13 { Cascade control structure.
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Note that the output of the outer loop controller provideg tturrent reference for the
current control that occurs in the inner loop. An anti-wipdscheme was employed to prevent
excessive currents. This method involves mitigation aredkation of the integral action when
controller output,iy, is saturated. Observe that this anti-windup strategy dogsin uence
the i‘{ when the unsaturated Pl outputy, falls within the linear range wheeg;t=0. These
mechanisms are important to avoid excessive response®dunckersettling time, which is
fundamental in improving the reliability and robustnessooitrol systemsASTROM, 1987;
CORRADINI et al., 2015). In the context of this study, the hedsm of anti-windup was
essential in maintaining system stability even in the fadesturbances. As shown in Fig. 13, in
addition to the mechanism of anti-windup, a notch Iter wagplemented in the measurement
of v¢,. More details about this Iter are presented in Appendix A.

As shown in Fig. 13, the control of currantis executed in the inner loop. In this loop,
a PI controller was designed based on the transfer funcbtair@d in(10). This controller
ensures that in a closed-loop con guration, the crossaeguency is set tf, =f5/10 =2kHz
with a phase margin &0*. Here fs represents the switching frequency. Typically, the ckesso
frequency of the inner loop is tuned to be about ten timeseslthnan the switching frequency.
This relationship prevents undesirable e ects of the $witg process on current control,
allowing the inner loop to capture the average current biehawithout being a ected by the
high-frequency oscillations that occur in each switchiraec

This approach provides the inner loop controller with a shembsignal, enabling the
control actions to focus on the essential current dynanmstead of reacting to noise and
peaks caused by switching. Consequently, this factor oftéeves a balanced trade-o
between the response speed of the inner loop and systeritystpbeventing the controller
from overreacting to switching noise and enabling morestodnd e cient control. These
requirements were met using a proportional gaky,of 0.0103and an integral gain df; = 23.8
The transfer function of this PI controller for the curreabp is given by:

uy(s) Ki
—— =Ky +— 16
For the digital implementation of this controller, disization was performed using the

Tustin approximation. Thus:

u1(2) _ kio+kipz?

= 17
a@ 11 40

where the gaing;g andk;; of the digital Pl controller are calculated as follows:
kio =Kpi+0.5Kij Ts,  kip = 0.5Kjj Ts—Kpj (18)

To implement the transfer function of the current loop coiiér, as described {7),
on the DSP F28379D, it is necessary to express it as a di eregaation. This is achieved
by applying the inversetransform, converting it to the discrete-time domain, alofvs:

u1 [K] =kio& [K] +kig & [k—1] +up [k—-1] (19)

In the outer loop, a PI controller was designed to regulatd_ D& voltage. The transfer
function for voltage control is given byc,(s)i /h1(s)i, which can be derived from equations
(10) and (11), as follows:
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hve, ()i _ C111LeqRoat s+ Leq+C1Rpat Req—C1D1Rvat Ve, St11 Rpat+Req —D1Ve,
hi1(s)i C1CoRpat Ve, %+ C1D1l1Rpat +CoVe, s+D1lg

(20)

Based on(20), a controller was designed such that in a closed-loop con guratiome t
crossover frequency fg=fs/100 =200Hz with a phase margin 090*. These closed-loop performance
speci cations were achieved through the use of a proportional gaikyl, =4.62and the integral gain
to kiy =102 As shown in Fig. 13, the transfer function of the voltage loop PI cor&ois given by:

i5(9) _
ev(s)
For its digital implementation, the Tustin method was appligeading to:

2
vt 21)

i1 _kotkaz?t

a(d 1-zt (22)
where the gaingk,o and k1 of the digital Pl controller are calculated as follows:
kvo=kpv+0.5Kyy Ts,  ky1=0.5kjy Ts—kpv (23)
applying the inverse-transform in (22), we obtain:
i1 [Kl =kvoey [K] +kya ey [k—1] +i7 [k=1] (24)

In the Bode diagram of Fig. 14, it can be seen that the performancecspations were met
in both the inner and outer loops through the gains of the aforemengidrcontrollers.
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Figure 14 { Bode diagrams for the current (blue curve) anthgel (red curve) loop.
Pseudocode 1 details the algorithm implementing the casdad&control, presented above.

3.1.1.2 Controller of DC-AC converter

The internal model principle, proposed by Francis and Wonham (19f®@hlights the impor-
tance of integrating the dynamics of a system to e ectively tkaits signals. This principle underscores
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Algorithm 1: Pseudocode of the cascaded PI control

Input: v, [K], i1[K]

VC2 It [k]A

NFpoVe, [K] +NFp1 Ve, [k—1] +NFyove, [k—2 ~NFa1 v, it [k—11-NFaaV, it [k—2
ev[K A Ve, Ve, it [K]

i5 (KA kyoey[K] +ky1 ev[k—1] +i§ [k—1]
/I Anti-windup

if i3min. 11K, i1maxthen

| ¢ij[KIA O

else

| ¢iF[KA kpoev[Kl+kyev[k—1]

in [KIA ¢if [K]+i% [k—1]

&[KIA ig[K-i7[K]

up [KJA ko [K] +kig g [k—1] +us [k—1]

Update of the variables: vc,[k—2], vc,[k—1], V¢, it [K=2], vg, 1t [k—1], ey[k-1],
5 k=11, g[k-1], uy[k-1]

if up[k], 1then

| ui[k]=1

if u[k]- Othen

| ui[K]=0

di[K1 A uz[K]

Output: djp [K]

the necessity of capturing the signal dynamics for accuratcking. In line with this principle, to
ensure zero steady-state error, the controller must inclugea of poles on the imaginary axs=§j!
(for a discrete-time implementation, the equivalent pole @iven byZ:e§j! Ts) at the frequency of
the signal to be tracked (ZMOOD; HOLMES, 2003). A controller that exiébthis dynamics is the
resonant controller, which can be described as:

Up(9) _, S+l gs+! g2
&(s) P+ 42
where! g is the grid frequencys is a coe cient used to adjust the location of the zeros, arkg is the

controller gain. The block diagram involving the resonant contnolad the grid-connected inverter
can be seen in Fig. 15.

Ci(9) = ke

(25)

Input Disturbance
mi(s) = 2

Vg
52+2§wg s—i—wg 1 U
T —17

Figure 15 { Block diagram of the current control loop.

|

In Fig. 15, the grid signalyy, is depicted as an input disturbance through, andiy is the
output of the PLL (detailed in Sect. 3.3) serving as the referemcerent for inverter control. This
current is represented bl cosfig+A), wherepg=! 4t and A are the phase oiy;. The peak current
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Ip is given by?, with P representing the power supplied to the grid ang denoting the peak value

p
of the grid voltage.
Note that when calculating the sensitivity functiory(s), and the complementary sensitivity
function, T(s), we obtain:

9e 1 S+ g% (4ist1)
Ss)= 1+Cr(S)G(S) B 2+ g2 (cis+1)+k R+ 2l gs+! g2 Ki 06
9= S9SE _ K S242»1 gst+! 2 K; (26)

T 1+C(9G(s)  S2+! g2 (cis+1)+ke P+l gs+! ¢2 K;

When evaluatingT(s) at s=j! ¢4 (where]j is the imaginary unit), the value is 1, and when
evaluating§(s) at s=j! 4, the value is 0. This means the system can perfectly track sidal
reference inputs at the grid frequency and reject sinusoidsiubances at the same frequency, such
as’ i(9). This behavior can be visualized in the magnitude of the siagwalues ofys) and T(s) in
Fig. 16. Observe that the singular values in this gure are in dBr Bte singular value of at 60 Hz,
we obtain0dB (or 1 on a linear scale). For the singular value ®at 60 Hz the value is=55dB (or
0.064 on a linear scale, approximately 0), which agrees with thelmitje determination made using
(26).
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Figure 16 { Magnitude of the singular valuesé) and T(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 nullifyitleeect. The gain k; was tuned
based on the root locus shown in Fig. 17. In this gure, the closed-lpofe locations are detailed in
the enlarged region on the right, marked by a red 'x' whigr=0.1

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

Ux(2) _ bro+br12_1+b,—22_2
e(2) =k 1+a,zi+72 27
where:
41 o Ts 16
=4+( T, 2, Xy =—9 , Xo=2——,
aro ( gTs) 1= 2o 2 2 (28)

ar =X, bro=1+x;, br1=x2, b=1-x.
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Figure 17 { Discrete Root Locus of the Resonant Controller.
Applying the inverse-transform in (27), we obtain:
Uz [K] =k (bro e[K] +br1 e[k—1] +bro e[k—2]) —a, uz [k—1] —u2[k—2] (29)

Pseudocode 2 details the algorithm implementing the resoraoritroller discussed above.

Algorithm 2: Pseudocode of the resonant control
Input: ip
e[k] ANipII_iZ
Uz [K] A kr(broe[K] +by1 e[k—1] +brpe[k—2]) —ar up [k—1] —up[k—2]
~ 1+uo[K]
do[0]A ———

dpy A ~2l

if d2[0], 1then

| dy[O]A 1

if d2[0] - —1then

| dy[O]A -1

if da[1], 1then

| dp[1]A 1

if da[1] - —1then

| dp[1]A -1
Update of the variables: e[k—2], e[k—1], up[k—2], up[k—1]
Output: dy[0Q], do[1]

3.1.2 Cascade control in DC-AC converter

In the previous section, a control strategy was presented wheedX@-DC converter controller
performed cascaded control of and vc,, while the inverter controller performed only. This section
introduces an alternative approach, where the DC-DC convectantroller handles only,, and the
inverter controller is responsible for the cascaded controlgfand is.
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3.1.2.1 Controller of DC-DC converter

The design of thd; control used is the same as described in Section 3.1.1. Consequtly
di erence equation governing this PI controller is given by:

ug [K] =kio & [K] +kip & [k=1] +ur [k—1] (30)
wherekjg and kj; are the digital gains of PI controller. The control diagram is showrfig. 18.

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

where the reference current, 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
linyA —
nv \I/SZ
oz e linv
|1A§~ D;
&k A iy—i5
up [KI A ko [K] +kig & [k—1] +ug [k—1]
Update of the variables: ¢[k—1], uj [k—1]
if up[k], 1then
| u[KA 1
if up[k] - Othen
| ur[KlA O
di[K1 A uz[K]
Output: dp [K]

3.1.2.2 Controller of DC-AC converter

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

Note that without the notch Iter in the measurement o¥,, the controller actionu, would
include an oscillatory component of;, re ected in v, at twice the frequency. Therefore, without
the notch Iter, the controller actionu, would become:

() = Asin(2ig) (31)

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

ipir () = sin(ug) (32)
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Figure 19 { Block diagram of the Single-Phase Full-Bridgerter Controller.

Observing the block diagram in Fig. 19, it can be seen that the nexfee current;j5, is given
by:
i5(t) = uv(t) ipn (t) = Asin(2ug) sin(ug) (33)

From the trigonometric factorization, it is known that:

sin(2ug) sinmg)%[cos@g)—cos@g)] (34)
applying (34) to (33), we have that:

i =A % [cos(ug)—cos(3ig)] (35)

It is observed that the absence of the notch lter would result irttard-order component
cog3yg) in the reference current, causing distortion in the currept Therefore, by inserting a notch
Iter in the reading ofvc,, the sin(21g) component is eliminated i33), making the reference current
i5 the DC contribution fromuy, plus the AC component provided by the PLL output. In Fig. 20, the
currenti, can be seen without the notch Iter (blue signal) and with the ndiclter (red signal) in

the control loop.

20 —— Without Notch Filter
—— With Notch Filter
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Figure 20 { Harmonic distortion of order 3 in currept

Another way to visualize this distortion is through the FFT, show Fig. 21. In this gure,
it is observed that the amplitude of the fundamental componenté&arly the same both with and
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without the Iter. However, in the highlighted region correspondgi to the third-order harmonic
distortion, it can be seen that with the notch Iter, the 180 Hz conapent is practically eliminated.

20
1 Without Notch Filter

_ 1 With Notch Filter
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Figure 21 { FFT of current,

The design of the resonant controller is the same as presented @tid®e3.1.1.2. Therefore,
this section will focus solely on the design of the controlvgf, which is composed of an integrator,
a gaink,, and a zero! ;. According to the Barbi (2017)k, can be obtained using the following
equation:

_ 16C2V02fgl/4 |3p
Y Ip
whereC; is the capacitance of the DC-link capacitovg, is the voltage across capacitoly is the
grid frequencyV, is the peak voltage of the gridg, is the amplitude of the third-order harmonic,
and lp is the peak current in the grid. The frequency of the zero of the tcolter, ! ,, is typically
chosen such thaf, ¢, 120Hz.

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

ky (36)

3.1.3 Control in the dg-domain

The controller described in Sec. 3.1.1.1 was utilized in this apph. Therefore, the controller
of the interleaved bidirectional DC-DC converter is resporesior controllingi; andve,. This section
will focus solely on controlling using Pl control in the dg-domain.

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

This method employs vector control, a high-performance tecjuei for inverters that converts
AC quantities to DC in order to ensure zero steady-state efay AC currents and voltages, often
using simple controllers like Pl controllers (CHAITHANAKULWAS al., 2021). To achieve this, the
grid current signal undergoes a series of transformations: tke Clarke transform converts the
three-phase coordinate syste(abc) into a stationary two-dimensional syste(® ) , followed by the
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Algorithm 4: Pseudocode of the DC-AC cascade control

Il Pl
Input: v, [K]
VC2 It [k] A

NFbQVCz[k]+NFb1VCZ[k—1]+NFb2VC2[k—2]—NFa1V02 it [K=1=NFa2ve, 1t [k-2]

e\/[k] 6 VC2 It [k] _ng

uy[K A kyoey[K] +kyaey[k—1] +uy[k—1]

Update of the variables:

VC2 [k_2] ’ VC2 [k_l] ’ VC2 It [k_2] ) VC2 It [k_l] ) e\/[k_ 1]

// Resonant

Input: io

i;'& Uy [K] ip

gA i3—in

ua[Kl A kr(bro€ [K] +br € [k—1] +brp & [k—2]) —ar up [k—1] —uz[k—2]
~ 1+U2[k]

d[0]A ———

do[1] A 1-up[K

if d2[0], 1then

| do[O]A 1

if d2[0] - —1then

| do[O]A -1

if da[1], 1then

| do[1]A 1

if dp[1] - —1then

| d2[1]A -1

Update of the variables:
alk—2], e[k—-1], u[k-2], up[k—-1], uy[k-1]
Output: dy[0], do[1]

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

As described by Ninad and Lopes (2012), these transformations lenalective control of
sinusoidal references by mapping alternating current quige® into the rotating reference frame as
equivalent DC signals. This approach facilitates precise manof AC signals, as the transformed
guantities can be managed as if they were DC, allowing for $émand more robust control strategies.

In three-phase systems, the Clarke transformation convertisrae-phase systertabg) into a
stationary two-dimensional coordinate systgf® ). In single-phase systems, a mechanism is required
to generate a quadrature signal with the grid signal. In this waitke following orthogonal signal
generator (OSG) was used:

H- = =
© U(s) SP+2»! gs+! 42

In a study conducted by Zhou et al. (2021), the authors recommend gisir 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 delayedby relative to
!

37)

g.
For the digital implementation of this OSG, the Tustin approxation was used, in this way,
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Y@ b 1+27t+7?2

U@ 1+ayzl+ayz? (38)
where:
21 2T 21 2T2-8 | gTs—2 2
b=——9 = =" 2" a= gls (39)
2+! gTs 2+! gTs 2+! gTS
applying the inverse-transform in (38), we obtain:
y[K] =b(u[k] + 2u[k—1] +u[k—2])—a; y[k—1] —axy[k—2] (40)

The di erence equation, given by40), gives a signal of the same amplitude but is delayed
by 90" with respect to! 4. Note that (38) was described generically in termsdfand Y, enabling
its application to both the grid voltageyg, for synchronization and the curreng for current control.
However, these®  components remain AC variables that rotate at the same speed pf
This makes control design complex and conventional Pl controllecapable of achieving zero-error
tracking for the® components. To address these issues, the Park transform isiebpo the ®
variables, yielding two variables in dq coordinates as Vaslo

Xd _ coglg) sin(g) Xe (41)
Xq —sin(lg) coglg) X

In whichxq and x4 are the components (which can be the voltagg or the currentiy) in
the dg-reference frame andy and x- are the components in th@ -reference frame. Using the Park
transform(41), the ® components, which are AC variables, become DC variables, rgakim design
more suitable for Pl controllers (TEODORESCU et al., 2006).

Since the inverter studied in this research is single-phasg37) is used in measuringg
to determine the phase and frequency of the grid via the PLL atbor. Furthermore,(37) is also
applied in measuringyp for control in dq coordinates. This coordinate transformatiaillustrated
in Fig. 22.a. In this gure, the® component corresponds to the measured valugs,, while the
~ component represents the orthogonal component. In this initial rdimate transformation, the
orthogonal®  components are generated in static coordinates. After apgytine Park transform,
the static® coordinates are converted into rotating dq coordinates. Taestating dg coordinates
are illustrated in Fig. 22.b.

In the dq reference frame, the design of controllers is facilitated by ti@nipulation of signals
that become constant at steady state. In this reference frarie, direct current,iy, and quadrature
current, ig, are controlled independently. The PI controller is widely uske to its ability to eliminate
steady-state errors and provide an adequate dynamic respoiiser controlling the current indq
coordinates, it is necessary to convert these signals backhto dtationary® ™ reference frame for
application to the inverter switches. This is accomplishedotigh the inverse Park transform, de ned
by the following relation:

Xo _ COYHg) —Sin(hg) Xg
X sinfg) coshg) X (42)

By applying the aforementioned coordinate transformatiotisg 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 of,, consider the inverter shown in Fig. 24. As
illustrated, the inverter can be described by the followirguation:
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Ilg (vﬂ‘% Zﬂ)
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Figure 22 {Coordinate transformations. (&) andiy in static coordinates to static coordinates
® reference frame; (b) Static coordinates to rotating coordinates dq reference
frame.
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Figure 23 {Block diagram of the single-phase full-bridge invertetrotar using vector dq
control.



Chapter 3. Strategies for controlling two-stage inverters 43

. di
Vo:Ri|2+|—id7t2+Vg (43)

Sa Sh

Figure 24 { Single-phase full-bridge inverter.

Assumingvy =Ve and applying (37) in (43) to obtain the orthogonal components, we get:

Voo _p 10, d e Ve
SR thG e T

b (44)

wherevge, i@, and Ve represent the®-axis components of the measured signals, whkije, i-, and
v- correspond to the orthogonal-axis components. Applying the Park transfor(dl) to the model
described ir®~ coordinates (44) results in:

—q

Vod Vd

VLd
= +1 4L 7+ 45
Vog Vg U ig W (45)
where:
Vid id d id
=R .© +Li— . 46
e =R i b (46)

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

ig(s) _ g9 _ 1
Vid(s) Vig(s) ListR
A PI controller was designed based (#v) to have a crossover frequencyfgf= 10fg = 600Hz
in closed-loop con guration with a phase margin @@*. Fig. 25 con rms that the speci ed closed-loop
performance parameters were indeed attained by employipgogortional gain value ok, =11.3and
an integral gain value ok =746
Pseudocode 5 details the algorithm implementing PI controlfethe dg-domain discussed
above.

(47)
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Algorithm 5: Pseudocode of the dg-domain control

// PLL algorithm
Input: vg[K], iz
ve[KI A vg[K
io[Kl A i
v-[K] A b(ve[K] +2ve[k—1] +Ve[k—2])—a; v- [k—1] —ayv- [k—2]
i-[KlA b(ie[K] +2ie[k—1] +ip[k—2])—a1 i~ [k—1] —azi- [k—2]
VaA cosfig[Kl) ve K] +sin(ug[K]) v- [K]
Vg A —sin(ig[K])ve[K] +cos(ig[K]) v- [K]
igA cosig[K])ie[K] +cosfig[k])i-[K]
iq A —sin(ig[K])ie [K] +cos{g[K])i- [K]
"dq[Kl A 0-vy
Upii [KI A Keo" dg[Kl +Ke1 " dg[k—1 +Upji [k—1]
Update of the variables: " gq[k—1], upy[k—1]
I gA Upy [K] +!
ug[KlA Ts! g+pglk—1]
if pglkl, 2%then
/I P1 control in dg domain
ed[K A Ip—ig
6q[KI A O-ig
Ug [KT A koeig [K] +kq g [k—1] +ug [k—-1]
Ug[KI A koeig[K] +kg € [k—1] +uq[k—1]
Update of the variables: ug[k—1], ug[k—1]
Vod[KI A ug[K]+vg+! gLiig
Voq[l(]A Uq[k]+Vd—' gl_||d
Vow A_Cos(ig [K])vVoa[Kl —sinfig[K]) Voq[K]
~ Vo®
U A —
Ve,
1+up

d2[0] A
do[1] A %

if dp[0], 1 then

| dy[O]A 1

if dp[0] - —1then

| dy[O]A -1

if dp[1], 1 then

| dy[1]A 1

if dp[1] - —1then

| dy[1]A -1

Update of the variables: pg[k—1], eq[k—1], gq[k—1]
Output: dy[0], do[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 controMB), model algorithmic
control, and generalized predictive control (GPC), was introdd¢o petrochemical industrial processes
in the early 1970s (GARCIA; PRETT; MORARI, 1989). Since then, MPC hasbsilely applied in
electrical drives, microgrids, and wind generation systemsyagstrating its versatility across various
industrial contexts (ZHANG et al., 2021).

According to Harbi et al. (2020), in power electronics, MPCs aresslad into two categories:
Continuous Control Set MPC (CCS-MPCs) and Finite Control Set MPC (H@BCs). The rst
category generates a continuous signal for the modulator stagertalpce switching pulses, achieving
a constant switching frequency. In contrast, the second catggexploits the nite switching states
of the converter, producing the pulses directly and elimingtthe need for modulators.

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

In a recent study conducted by Brunoni et al. (2023), the authorsfpened a comparative
analysis of FCS-MPC approaches for voltage control in three-phad@ge source inverters, em-
phasizing the trade-o between computational cost and closeddgerformance. They evaluated
metrics such as MSE, THD, and energy losses associated witlclsiwg frequency. Their ndings
indicated that adopting two-step horizons was bene cial, rés\g in signi cant improvements in MSE
and THD while maintaining computational e ciency. Howeverx&nding the horizon length beyond
two samples did not yield substantial improvements, suggestimgtations in justifying increased
computational load.

Moreover, FCS-MPC is a nonlinear control strategy that enhances rmbqterformance across
the entire operating range of the converter, particularly undexnsient conditions. This approach
utilizes a system model to predict the future behavior of abiles of interest and employs a cost
function to establish the desired control objectives (AGUILER®al., 2018). This method e ectively
handles system nonlinearities without needing to linearize plant model, showing its superiority
over hysteresis and standard linear control methods in the &hgu
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The FCS-MPC method simpli es control by taking advantage of theatiete nature of the
available switching states in the converter. For the inveriegs S, and §, shown in Fig. 24, each
unigue pair of values foi, and §, is combined into a single variable per leg, de ned as follows:

1,if 4=1and$=0

= 0,if 4=0and =1 (48)
_ 1,ifS=1and$=0
= 0,if S=0and$=1 (49)

In the adopted convention, 1 represents a closed switch, and @ ispgen switch. Considering
all possible combinations &, and §,, Table 2 provides the switching states 8f and §,, along with
the resulting input voltage values from these combinations.

Table 2 { Look-up Table tov.

I Sa § o
0O 0 O 0
1 0 1 v Co
2 1 0 Ve,
3 1 1 0

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

Vo=Riz+Li T 4y (50
The prediction model can be obtained by applying the forwargmimation in (50), as follows:
. . io[k+1]—i[K
wolil=Ripl+; 2By g 1)
S
Solving (51) forio[k+1], we obtain:
i2[k+1] =ko(Vo[i] —Ryiz [K] Vg [K]) +i2[K] (52)

whereis[k+1] and i>[K] represent the predicted and actual values igf respectively. The term
ko = T4/L; is the prediction model coe cient, and the ternv,[i], representing the inverter output,
refers to the row in Tab. 2. Since this table has four rows, the trolter calculates equatior(52) four
times at each instan{k] according to the following procedure: whér 0, the value ofv, is 0; when

i =1, the value ofv, is —Vc,; wheni =2, the value ofv, is vg,; and wheni =3, the value ofv, is 0.
Thus, the controller calculates the possible future evolutionghaf state variables for each available
control action by extrapolating the current statg&] to the next time instant[k+1].

For each predicted scenario, the controller calculates a castfion that assesses the deviation
of the predicted state variables from the desired behaviorisTéost function may include criteria
such as minimizing tracking error, reducing power lossesr®uring compliance with safe operating
constraints (YARAMASU; WU, 2016). In this study, the cost functionde ned as:

J=ki§ [K] —ip[k+ 1]k? (53)

wherei; is the reference signal from the PLL used for controlling Although polynomial
approximations are often employed to predict the referencdkat 1] based on prior measurements,
this work directly uses5 at instant [K].

The controller evaluates the cost function values for all possitmntrol actions and selects
the one that minimizes the cost function, applying it to the sgat. The operating principle of the
FCS-MPC is illustrated in the graph in Fig. 26.
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i2 iz[K] islk + 1]
Past Sample 3 Prediction ¢ 3
I —0 islk +1]
- k:/” — —_ 2> _ ﬂ// 3
is[k] - :
tp—1 78 Trt1 t

Figure 26 { Operation principle of FCS-MPC.

In Fig. 26, the dashed horizontal line represents the referempeat The light circles indicate
the predicted values calculated for eagf[i], while the dark circles represent the predicted output
that provided the lowest cost functiod. This gure visually demonstrates that, while the controller
is easy to implement as it does not require an analytical asialynvolving controller gains, it has
the disadvantage of high computational cost. This is evident as thierocontroller calculates the
next predicted output based on the possible input values in esaimpling period. In a three-phase
system, for instance, it is common to create a table with eight gibe input values, leading the
microcontroller to compute the eight predicted outputs to sel¢lae input combination that minimizes
the cost function.

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

3.2.2 Feedback Linearization Control (FLC)

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

The nonlinear control approach employed in this research ligearthe system nonlinear
equations using feedback control action, a technique known asglfack linearization control. This
approach, well-established and gaining renewed momentumphagen successful in various electronic
power converters (CALLEGARO et al., 2018; LENZ; PAGANO; STRAMOS3814). This technique
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Algorithm 6: Pseudocode of the FCS-MPC
Vo[4] A {0,-400,400,0}
S4][2] A {
{0, 0},
{0, 1},
{1, 0},
{1, 1}

}
Input: i2[K], vg[K]
JoptAl
JAO
for iA 0to 3do
i2[k+1] A ko(voli]-Riiz[K] —vg[K]) +ia[K]
JA ip||[k]—i2[k+l]
if J- Jth then
-JoptA J
ioptA |
Output: Siopt][0], Fioptl[1]

is di erent from the classical linearization method around agudibrium point because it allows
the system to be linearized within the equations themselwegreby canceling, either exactly or
partially, the nonlinear terms present in the model equatioiibe main idea behind this technique
is to algebraically transform the dynamics of the nonlineartsys either partially or completely,
so that linear control methods can be applied. It is worth notitigat this concept is distinct from
linearization around an equilibrium point, which leads to knenodels for small signals, as feedback
linearization is achieved through exact transformations of thetess rather than linear approximations
of the dynamics of the system. (ASSUD; BARBI; PAGANO, 2022).

In linear systems, the in uence of each control variable rersaimdependent of the others.
However, when the e ect of one variable relies on another, as seethe productdjve,, which
appears in2), this interdependence introduces non-linearity. This @sé speci cally applies the FLC
technique to the bidirectional DC-DC converter, demonstrgtinon-linearity due to the interaction
between the control signadl; and the voltagevc,. For the application of the FLC technique, the
lossless model was considered. Hence, applying lineanzétiedback in (2), we have:

Leq% =V, —d1Ve, = UL (54)
where the termuy; represents a new external input that allows for the cand@llaof the non-linearities
of the system. This external input can be implemented usingr@pprtional-integral Pl controller to
regulate the curreniy, as described below.

usi =kpi 171 +Kjj»;
a1t
Reformulating (54) to ascertain the duty cycle:
_ Vo — Kpi(ig 1) +ki»;

Ve,

dy (56)

As this control law exhibits singularity as the output voltage neaero, we can suggest the
following modi cation:
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8 o
< Vg — kpi('?_"l)"'kii»i y v
d]_ - - VCZ I Co s bat (57)
d1min 7 Ve, <Vpat

This implies that when the output voltage is lower than the batyevoltage, which occurs
during the converter startup, the system operates in an opesplonode with a constant duty cycle
value.

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

di
|—echt1 = UL (58)
rewriting (58) as a transfer function, we have:
i1(s) 1
= 59
Uii(s) LegS (59)

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

Figure 27 { Structure used for the design of thecontroller.

Taking into account the structure presented in Fig. 27, the gakgsandk; of the current-loop
controller were designed to achievePM = 90" and f. =fy/10 =2kHz. The gains that meet these
criteria arekyi =4.19and kj =921

The control of the external loop (voltage loop) can be designed asegrtiat the current
loop is operating at steady stat@j =i1), so (56) becomes:

d]_ = — (60)

In (56), the currentiy represents the sum of currents in the input inductors, and teérence
current, iy, can be obtained at the output of the voltage loop controller. Themgfoassuming once
more thatdyis =li,y, the reference current can be derived by substitutifg®) into (4) carrying out
this substitution, and applying linearizing feedback, we aibt

dve, _ Ve, . c,

=—i;—liny=u 61
dt ch inv Lv ( )

Using PI controller to control the voltage loop:

Co

(62)
rewriting (61) to ascertain the reference current

p= 2 Kou(1E,~Ver) koo Hiny (63)
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And nally, replacing (63) in (56), we obtain the control law

( n i
Ve, Kpv(Ve,—Ve,)+Kiv»yHiny .
Vo, —kpi  —— \,Cj =iz Hki»i
di = 64
1 Ve, (64)

The procedure for the design of the controller of the voltage loop cancbnducted similarly
to the internal loop. Therefore, substituting (63) into (61), we tdin:

dve, _

C2 at =Kov Vg, Ve, Ky (65)
rewriting (65) as a transfer function, we have:
Ve,(s) _ 1
=__ 66
Uy(s) Czs (66)

Therefore, instead of considering the average model of the sysié the operating point,
whereve, is modeled as a second-order systé2@), applying a feedback linearizatiof®1) allows
the design of a controller based on an integrator system. The stieetused to develop the current
controller is shown in Fig. 28.

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

Considering the structure shown in Figure 28, the gaks and ki of the voltage-loop
controller are designed so th@&M = 90" and f, =fs/100 =200Hz are achievable. The gains that meet
these criteria arekp, =2.36 and ki, =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 outeods 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:

i v Ve, —Ve,) FKiy»y +
Leq% — —kpi () kpv( Co cz) Kiv»v + liny Jig ko
t ( h VC1 i
Ve v (Ve —Ve, ) +Kiv»yHiny .
Vo, —Kpi = %, - KL
dve, ! i1 (67)
C = i1—lj
2 dt Ve, 1~ linv
i QR
g o
Py
ao VeV

The control loop of the converter with feedback linearization iegented in Fig. 30. In this
gure, the notch lter observed in theve, measurement is detailed in Appendix A. Additionally, an anti
windup mechanism is implemented to prevent excessive attur of u,, avoiding the propagation
of high values taj, thereby improving system stability.

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

10*

Algorithm 7: Pseudocode of the FLC

Input: v, [K], Vey, i1, liny
VC2 It [k]A
NFpoVe, [K] +NFp1 Ve, [K—1] +NFgove, [k—2] =NFa1 Ve, 1t [k—1 —=NFaove, 1t [k—2]
ev[K] A~v82—v02 it [K]
uLy[K] A kyoev[K] +ky1ey[k—1] +upy[k—-1]
/I Anti-windup
if ULymin, Upv[Kl, U ymax then
| ¢uy[KIA O
else 3
| ¢UL~v[k]A kvoev[K] +ky1ev[k—1]
it [K] A LPFpliny—LPFagiit [k—1] —LPFa2ilt [k—2]
o (U K+ KD ve, 1 [K]
if A
Gk A if i
upi[Kl A kioe [K] +kig & [k—1] +upi[k—1]
5 Vo, —ULj
VCZ It [k]
Update of the variables: vc, 1 [k—2], v¢, it [K=1], Ve, [k—=2], vc, [k—1], ey[k—1],
upy k=10, iy k=21, i, [k=11, g k=1, ugi[k—1]
if up, 1then
| u A1l
if up, Othen
| uUA O
dlA uq
Output: dp

Ve,
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Figure 30 { Block diagram of FLC controller.
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3.3 GRID SYNCHRONIZATION USING A SINGLE-PHASE PHASE-LOCKEDFL(PLL)

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

3.3.1 Structure of PLL

The basic structure of a typical PLL consists of three main compusethe phase detector
(PD), the loop Iter (LF), and the voltage-controlled oscillator\(CO). The PD measures the phase
di erence between the grid voltage inputy, and the output signal, generating a phase error signal,
"dq- In this study, the PLL proposed by Ciobotaru, Teodorescu, andaBierg (2006) was employed
to synchronize the output current of a single-phase inverternwitte electrical grid. In the proposed
PLL, the authors suggest implementing a generalized secondrdrdegrator (SOGI) to generate the
guadrature signal (QSG), thus forming the phase detector jlastrated in Fig. 31.

Figure 31 { Structure of SOGI-QSG.

The quadrature componentsip andv-, are derived from processing through the following
transfer functions:

Ve(S) _ Kgsg! ¢S
Vg(s)  SP+kasg! gS+! g2 ©9
V(9 _ Kgsg! g°

Vg(9)  PHkgsg gS+! 2 (69)
where the gairkysg can be tuned to set the SOGI bandwidth, making it suitable ¥ariable frequency
applicatiBn_s. According to the ndings of Teodgrescu, Liseraad Rodriguez (2011), setting the gain
to kysg= 2 results in a damping factor of=1/ 2. This choice yields an approximate and optimal
trade-o between settling time and overshoot in the dynamic pesse.

For its digital implementation, the Tustin method was appligeading to:

Vo(2) 1-72 (70)
Vg@d O l+aezl+agyz?
v-(2) 1+271+772 71)
V(D 1+amzl+agpz?

where the gainde, b-, ag1 and ag, of the SOGI are calculated as follows:
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2
_ 2kgsg! gTs _ kgsg ! gTs
b®_ 21 b__ 2

2 2 (72)
2! gTs -8 4—2kqsg' gTs+ ! gTS
ap1 = 2! g2 = 2
Applying the inverse-transform in (70) and (71), we obtain:
Vo [K] = be(vg [K] —vg[k—2])— (@1 Ve [k— 1] +ag2 Ve [k—2]) (73)
V= [K] =b-(vg[K] +2vg[k—1] +vg [k—2]) - (@e1 V- [k—1] +ae2 V- [k—2]) (74)

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

Upii [K] =keo" dq [K] +Ke1 " dq [K—1] + Uy [k—1] (75)
wherekey and ke; are the digital gains of Pl controller. The practice of summing thetmut 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.Q Hz or 60 H2, enabling rapid adjustment of the VCO or other
phase generation components. This approach compensates focstators, reducing settling time.
By improving transient response through pre-adjustment of thegfrency close to the nominal value,
the technique relieves the PI controller, allowing it to focois correcting minor and dynamic errors.
This enhances system stability and robustness by minimiziggillations and instabilities in phase
control (ROLAND, 1997).

VCO

Figure 32 { Structure of PLL.

Teodorescu, Liserre, and Rodriguez (2011) analysis reveals tims gap" andk;, of the PI
controller can be calculated using the following equations:

kppn =21, kipu =1 y° (76)

The damping factor can be set to= 1/p 2, and the natural frequency, ,,, can be determined
from the settling time,ts, as follows

_4s6

»ig

! (77)
setting the settling time tots=20ms, we obtain! ,=325.269rad/s. Substituting this value into
(76), we havek, , =460andk;,, =105800

pll
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So far, the grid frequency, ¢, has been obtained. To achieve the phase required for synchro-
nization with the grid, the frequency is integrated, yieldiniget estimated grid phase, denoted ggin
the PLL structure depicted in Fig. 32. To generate a sine wave \Wlith same phase and frequency as
the grid, it is su cient to compute the sine or cosine qfg, producing an output signal synchronized
with the grid voltage.

The simulation results of the previously described PLL are gmésd in Fig. 33.a displays the
QSG results, whergg (red signal) is aligned with the grid signal (blue signal) and iradtature with
v- (green signal). Fig. 33.b shows the Park Transform results, wiie ¥4 component (blue signal)
aligned with the amplitude of/g, while the vy component (red signal) represents the phase error,
which should be zero if the phase anglgis correctly synchronized with the grid. Fig. 33.c presents
the grid phase angle estimated by the Frequency/Phase-Anglee@gar (FPG) integrator. Finally,
Fig. 33.d shows the VCO output, providing the reference curremttfe i, control loop. The code
implementing the PLL algorithm described above is shown in Algm 8.

(a)

= ~ran 6
o 200 Vg N
= 0 Vg ?? 4
© =
=200 vﬁx <
" A0 0025 005 %
025 0.050 0.075  0.100 0.025 0050 0075 0.100
Time (s) T1me (s)
200 (b)
=
= wl w0 Zpu
:% Uq \-:; 0
§—200 = —10
3 _ — 0
000025 0.050 0.075  0.100 0.025 0000 0075 0.100
Time (s) Time (s)

Figure 33 {Simulation results of PLL. (a) Quadrature Signal Genematfb) Park Transform,
(c) Phase and frequency of the grid, (d) Signal in sync withghd.
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Algorithm 8: Pseudocode of the PLL

Input: vg[K]
Vo [K] A bio(Vg [K] —vg[k—2]) — (a1 Vie [K— 1] + 8gz Ve [k—2])
v-[K] A b-(vg[K] +2vg[k—1] +Vvg[k—2])—(a@1 V- [k—1] +agp V- [k—2])
Update of the variables: vg[k—2], ve[k—1], v-[k—2], v~ [k—1]
vagA cosfig[K])v-[K]-sinfg[k]) ve K]
" dqlK] A 0—-vq4
Upll [K] A Keg" dq[K] +Ke1 " dg[k—1] +Upy [k—1]
Update of the variables: " qq[k—1], upy[k—1]
! gA Upy [K] +!
ug[KlA Ts! g+pglk—1]
if puglk], 2%then
| ug[KlIA O
else 3
| ¢uy[KlA kyoey[K] +kyrev[k—1]
if pglkl, 2vthen
Hg[klA 0
end if

lpA —
_Vp
ipll A 1p cosfug[K] +¥
Update of the variables: vg[k—2], vg[k—1], ug[k—1]
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4 REAL-TIME HIL RESULTS

This section describes the experimental HIL results, in Whigital control algorithms were
executed on a DSP F28379D. The validation of these results was caotg¢dising the Typhoon-HIL
402 system, as depicted in Fig. 34.

«’_QW\% ”af‘ i

oot ema w5

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

4.1 STARTUP ROUTINE FOR THE INVERTER

To conduct real-time simulation experiments, an initializat routine for the inverter was
required. Based on the schematic in Fig. 35, the following stepgevimplemented.

.| Two-Stage ;
thay Single-Phase ' 2
Inverter J Sgrid
Rbat Sstart @ v
g
Vbat — :|: Rstart

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

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

3. At this point, the inverter is already connected to the elecai grid, with the PLL operating
in synchronization with the grid. As a result, th&;,t Switch is then opened, allowing the
inverter to operate in perfect synchrony with the electricaidgr

4.2 EXPERIMENTAL HIL RESULTS

In the following results, each gure displays the battery cemt response in the rst subplot,
the bus voltage in the second, and the grid current in the third.eThesponses of all strategies
discussed in Chapter 3 are overlaid for comparison. To enhaiggalzation relative to the grid
voltage, the grid current was multiplied by 10. The next subsectit@scribes four experiments: the
rst two present the responses of the system to a 50% power regutwhile the last two explore
changes in the inverter operating mode (from battery charge talgdeding and vice versa).

4.2.1 50% power reduction

Fig. 36 presents the experimental results for each implemegotmtrol strategy, demonstrating
a 50% reduction in inverter power from 3 kW to 1.5 kW &t 1.5s. Decreased amplitudes of the
battery and grid currents evidence this reduction. When usling control strategy where the voltage
Ve, was regulated by the inverter controller, the battery curreritosved a better response, with
almost no oscillation during the power reduction. However, tafproach 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 irmepgower 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 invarigially operates in battery
charging mode. During the charge, the grid current is in phasthuhe electrical grid. Subsequently,
at t=0.5s, the inverter switches to grid-feeding mode, as indicatgdte battery current becoming
negative and the inverter current being out of phase with thectieal grid.

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

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

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

Examining the time-domain responses, it is observed that alltradlers exhibited similar
behaviors. However, some controllers showed notably di eressuits. For instance, in the control
strategy where cascaded control is applied to the inverter,¢heenti; demonstrated a less oscillatory
response, while the voltage., exhibited a higher overshoot in response to disturbances. Amothe
controller that yielded distinct results was the one using FRI8C for currenti,, which revealed the
presence of high-frequency harmonics.

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

P Net
MSE= — L (y* [K] -y[K])? (78)
Nitot

wherey” are the reference valug, are the measured values, amdly; is total number of samples
analyzed. For calculating the MSE, data from the curves showirig. 36 were used, encompassing
both transient and steady-state responses. However, only thady-state responses were used for
calculating e ciency (") and THD.

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

Table 3 { Comparative table between performance indexes.

MSE
il VC2 i2
Cascade control in DC-DC converter 0.3083 6.3071 0.05585798L.477
Cascade control in DC-AC converter 0.4555 25.0371 0.0571.66 98.445

" (%) | THD(%)

PI control in the dg-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 voltage, in the cascaded control strategy applied to the inverter
stands out, as it also exhibited the highest MSE. This behavi@svanticipated based on the
time-domain responses. The table also highlights the antiagolahigh THD in the currenti, for
the FCS-MPC technique due to high-frequency switching compdmgmesent ini,, evident in its
time-domain response.
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5 CONCLUSIONS

In this dissertation, the e ectiveness of ve control strategiess evaluated using well-known
performance metrics such as MSE, PM, THD, and e ciency. Analyg these metrics, it was found
that although the FCS-MPC technique has the advantages of being dlasiest to implement, as
it avoids analytical e orts involving controller gains and doestrrequire PWM modulation, it
showed disadvantages in controlling the curraat Speci cally, FCS-MPC obtained the highest
MSE and THD values, indicating lower precision and more distrsignals being injected into the
electrical grid. However, it is worth noting that there are progals in the literature suggesting that
the implementation of FCS-MPC could be improved, which were notlengal in this work but are
intended to be implemented in future research.

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

Tests involving voltage and frequency grid disturbances aimmiprove 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 realeisimulations taking into
account disturbances in the grid:

" Inverter Response to a Ramp Increase in Grid Frequency;

A~

Inverter Response to Short Duration Grid Voltage Sags ;

" 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 lter or eliminate
certain frequencies from a signal. The design of the notch ltevaives the introduction of complex
conjugate zeros to reduce undesirable frequencies, playingieain improving signal quality. This
Iter lters out certain interferences and allows the desddrequencies to pass without distortion. In
the context of this search, the structure of the notch Iter used as follows:

Ve, it (S) _ S+ 2 _ P+ 2

Ve,(9) 52+!5°s+! 2 P42 5+! 2

(79)
where! ¢ is the cuto frequency, andQ is the quality factor, which is related to the damping factor
» by the equation:

1
Q=5

For the digital implementation of this Iter, the Tustin apprdration was used. In this way,

(80)

Ve, it (2) _ NFpo+NFp1Z 1+ NF,pz72

Vo,(?)  1+NFa1z1+NFgz2 (81)
where:
2 (1 cTe)2-4 8! ¢T.
NFa0=4+! cTs(4»+! ¢Ty), NFalzﬁ, NFazzl—C—s»
NEcHCeT? o 2 (T4 44( T9)’

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

Ve, It [Kl =NFpoVe, [K] + NFp1 Ve, [k—1] + NFpo Ve, [k—2] =NFa1 Ve, 1t [k—1]—-NFaove, it [k—2]  (83)

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

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

In Fig. 41, it can be seen that by lteringc,, the ripple in currenti; is reduced, making the
battery current nearly DC. Additionally, another way to vidize the in uence of the Iter is through
the FFT, which can be seen in Fig. 42.

From the responses in both the time and frequency domains abowvearitbe noted that
by inserting a notch lter in thev;, measurement, the current in the battery becomes nearly DC,
although this comes with an increase in oscillations/in



APPENDIX A. Notch Filter 71

Figure 40 { Magnitude response of the Notch Filter.

Figure 41 { Comparative graph between responses with am@uwtitising the notch lter.
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Figure 42 {The FFT ofiq, V¢,, andips; from 0 Hzto 300 Hz with a closer examination around
the frequency of 120 Hz.
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