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Resumo

Os geradores solares fotovoltaicos conectados a rede elétrica podem executar mais
funcionalidades do que apenas injetar poténcia ativa na rede elétrica, podendo também executar
servicos ancilares, tal como preconiza a normativa IEEE 1547-2018. Nesse sentido, o emprego
de inversores baseados em redes de impedancia em geradores solares fotovoltaicos apresenta-se
como uma soluc¢do potencialmente relevante. Em particular, a topologia de rede de impedancia
Quasi-Fonte Y destaca-se por possuir caracteristicas vantajosas para integrar geradores solares
fotovoltaicos, tais como flexibilidade de projeto ao se definir a propor¢do de espiras ¢ dos
indutores-acoplados e a razdo ciclica de shoot-through D, modo de condug¢do continua da
corrente no estdgio de entrada e capacidade de prover elevados ganhos de tensdo com menores
razdes ciclicas. Todavia, ndo h4 trabalhos na literatura empregando tal topologia em geradores
fotovoltaicos explorando operacdo multifuncional. Desta forma, o objetivo principal desta tese
estd relacionado com a modelagem, projeto e desenvolvimento pritico de um inversor
Quasi-Fonte Y, incluindo as estratégias de controle que viabilizem sua utilizacdo em um gerador
solar fotovoltaico multifuncional trifdsico a trés fios. Assim sendo, no presente trabalho
desenvolve-se um projeto detalhado da rede de impedancia, por meio da demonstracdo das
formulagdes matematicas necessarias para se especificar seus componentes, baseando-se em
valores tipicos encontrados em inversores fotovoltaicos comerciais. Adicionalmente,
apresenta-se uma metodologia para determinagdo dos controladores responsaveis pela regulagdo
do barramento CC e corrente do estdgio CA do inversor, respectivamente. Para isso, utiliza-se de
modelos de pequenos sinais baseados na média de espaco de estados e demonstra-se a obtencao
de todas as funcdes de transferéncia necessdrias para o projeto. Além disso, propde-se uma
metodologia de projeto de um controlador linear MPPT baseado no algoritmo "perturba e
observa", incluindo requisitos dindmicos de controle e determinagdo das funcgdes de
transferéncia necessdrias para o projeto. Para demonstrar a operacionalidade do conversor,
simulacdes computacionais foram realizadas considerando o emprego do inversor fotovoltaico
multifuncional Quasi-Fonte Y atuando com diferentes cargas conectadas ao ponto de
acoplamento comum. Através dos resultados de simulagcdo, demonstra-se a capacidade do
inversor de injetar poténcia ativa e realizar servicos ancilares simultaneamente, além de se
indicar a correta sequéncia de ativacdo das diferentes malhas de controle envolvidas, garantindo
o funcionamento integral do sistema. Ao fim do trabalho, resultados experimentais siao
apresentados, a partir de um protétipo de pequena escala com capacidade de processamento de
1,2 kW, tensao de entrada de 250 V.. e conexao com rede CA trifasica de 220 V., de linha e 60
Hz. Finalmente, por meio da andlise dos resultados obtidos, pode-se concluir que a viabilidade
da aplicagdo proposta, incluindo as metodologias de projeto apresentadas, foram confirmadas
satisfatoriamente.

Palavras-chave: Engenharia Elétrica, Eletronica de Poténcia, Sistema fotovoltaico, Redes de

impedancia, Quasi-Y-Source.



Abstract

Solar photovoltaic generators can perform more functionalities than just injecting active power
into the electrical grid. They can also provide ancillary services, as recommended by the recent
update of IEEE 1547-2018 regulations. In this sense, the use of impedance-based inverters in
solar photovoltaic generators appears as a potentially relevant solution. In particular, the Quasi-Y
Source impedance network topology stands out for its advantageous characteristics for
integrating solar photovoltaic generators, such as design flexibility on definition of
coupled-inductors winding’s proportion ¢ and shoot-through duty-cycle D,;, continuous current
conduction mode in the input stage, and the ability to provide high voltage gains with lower duty
ratios. However, there are no works in the literature employing such topology in photovoltaic
generators exploring multifunctional operation. Therefore, the main objective of this thesis is
related to the modeling, design, and practical development of a Quasi-Y Source inverter,
including control strategies that enable its use in a three-wire three-phase multifunctional solar
photovoltaic generator. Thus, this work develops a detailed design of the impedance network by
demonstrating the necessary mathematical formulations to specify its components, based on
typical values found in commercial photovoltaic inverters. Additionally, a methodology for
determining the controllers responsible for regulating the DC bus and the current of the AC
stage of the inverter is presented, respectively. For this purpose, small-signal models based on
the average state-space technique are used, and all the necessary transfer functions for the design
are obtained. Furthermore, a methodology for designing a linear MPPT controller based on the
"perturb and observe" algorithm is proposed, including dynamic control requirements and the
determination of transfer functions necessary for the design. To demonstrate the operability of
the converter, computational simulations were performed considering the use of the
multifunctional Quasi-Y Source photovoltaic inverter with different loads connected to the
common coupling point. Through the simulation results, the inverter’s ability to inject active
power and perform ancillary services simultaneously is demonstrated, along with indications
related to the correct activation sequence of the different control loops involved, ensuring the
integral functioning of the system. At the end of the work, experimental results are presented
based on a small-scale prototype with a processing capacity of 1.2 kW, a DC input voltage of
250 V., and connection to a three-phase AC grid of 220 V,.,,s line voltage and 60 Hz. Finally,
through the analysis of the obtained results, it can be concluded that the viability of the proposed
application, including the presented design methodologies, has been satisfactorily confirmed.

Keywords: Electrical engineering, Power electronics, Photovoltaic energy systems, Impedance

Networks, Quasi-Y-Source.
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1 Introduction

The energy demand was never so critical as today. This scenario was intensified by the
recent sanitary crisis caused by the Covid-19 pandemic, which fostered the seek for energy in
many emergent markets (AGENCY), 2021). However, the lack of solutions to some issues related
to electrical energy distribution still favors the utilization of fossil fuels and their derivatives,
partially reverting the progress obtained with the utilization of alternative energy sources. In
this scenario, the use of renewable energy is presented as an interesting solution to solve several

problems related to the supply of electrical energy (IRENA, 2021).

Moreover, the integration of distributed energy resources (DER) in the main electric
energy distribution system characterizes what is defined as "Distributed Generation"(JENKINS;
EKANAYAKE; STRBAC, 2010). However, many challenges related to power quality, stability,
and energy management arise from such a power generation strategy. Despite the many types
of renewable energy sources that can be used in DGs, in the last years, applications based
on photovoltaic (PV) generation had been gaining popularity, due to the decreasing costs in
several components that comprise a PV power generation system and improvements in solar
energy technology, with a great number of research work dedicated to finding solutions to many
challenges related to this field (ZEB et al., 2018b).

Hence, to better contextualize this issue and outline the context of this work, some of the
most basic challenges regarding PV power generation and integration with the main grid should

be discussed.

1.1 PV power generation challenges and opportunities

The voltage magnitude provided by a single PV module is relatively low when compared
with the required value necessary to integrate such energy sources through grid-connected
inverters (GCI). For instance, single solar PV panels have a typical voltage range of 20-45 V.
(ANDERSEN et al., 2003), (BADDIPADIGA; FERDOWSI, 2016) whereas typical values for
GCI DC link voltages range from 200-600 V., depending on the application (SIWAKOTT et al.,
2014e), (CALLEGARI et al., 2020).

As related in several works in the literature, examples of common solutions to this
problem may involve a) The utilization of series association of PV panels; b) The adoption
of two-stage GCls, such that the first stage is responsible to increase the input voltage value
(voltage step-up) while simultaneously explores the maximum available power through MPPT
control strategy, guaranteeing the second stage converter successfully integrates the generated

energy into the main grid. Additionally, commercial inverters may use modified single or three-
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phase full bridge configurations, with galvanic isolation at the DC or AC sides (KHAN et
al., [2020); or transformerless topologies, such as HERIC, HS, H7, ZVR, or four-leg, among
other configurations (DUONG et al.,[2022). These alternatives may introduce additional power
conversion stages, with the objective of solving safety issues related to the leakage current in PV
power generation systems (ESTEVEZ-BEN et al., 2020). On the other hand, due to the stochastic
behavior of PV panels, caused by the variability of solar irradiation, the energy supply available
by such power sources is intermittent, which offers greater energy integration challenges. This
type of problem requires that the used power converters must be flexible and reliable in different

operational scenarios.

Besides the challenges related to the characteristics of PV panels themselves, the
increasingly non-linear characteristic of the modern electric grid creates many challenges for
maintaining power quality (BAJAJ; SINGH, [2020). In this context, it is expected that significant
changes in the roles played by power distribution organizations and electrical energy consumers
must be an increasing trend (BUTT; ZULQARNAIN; BUTT, 2021). In this new context, the
owners of distributed generators could perform ancillary services, helping to solve power quality
issues on the grid, for example. Hence, grid-connected distributed generation systems based on
PV, due to existing power electronics and control systems, could perform more tasks than simply
providing the maximum available active power or operating in island conditions in critical
situations. Recent normative changes, such as IEEE Std 1547-2018 (IEEE! 2018]), fostered this
scenario, stating that inverters can perform other systemic functions besides simply injecting

active power, and characterizing the multifunctional operation of such converters.

In this context, the use of power theories that allows the characterization and distinction
of the different components that comprise the available electrical energy at the point of common
coupling (PCC) are useful for establishing power compensation control references for PV
inverters (PAREDES| 2011), (NEJABATKHAH; LI; TIAN, [2019). There are in the literature
several power theories available such as pq (AKAGI, 1983), FBD (Fryze-Buchholz-Depenbrock)
(DEPENBROCK], [1993)), and CPC (Currents Physical Components) (CZARNECKI, 2008).
However, Conservative Power Theory (CPT) (TENTI; PAREDES; MATTAVELLI, [2010),
(DING; MAO; CHANG!, 2021) presents interesting characteristics of orthogonality, allowing the
generation of suitable current references for selective compensation, which enable the provision
of ancillary services by GCI. Furthermore, another advantage of the CPT theory lies in its ability

to provide an intuitive understanding of the physical meaning of each power term component.

As can be seen, the challenges and opportunities related to PV power generation are
deeply dependent on a technological interface comprised of many elements, including power
electronics, digital systems, and passive filters, among other devices. Therefore, before proposing
a different scheme to be used in PV DGs in an on-grid setup, the conventional solution often
found in the literature must be understood and the gaps and issues of such strategy should be

analyzed before proposing new approaches.
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1.2 Typical power electronics solution to PV power generation

Figure[I.1]shows typical power electronics solutions applied in a PV power generation
scheme, considering the on-grid setup. The PV panels could be connected in series or parallel,
depending on the voltage and current requirement of the application and the number of MPPT
trackers available at the inverter (BALATO; COSTANZO; VITELLIL 2015). The input filter
usually comprises an arrangement of capacitors and EMI filters, such that voltage and current
ripples are minimized, improving the MPPT performance, particularly against noise perturbation
(SANTRA et al., 2020). Due to the voltage boost requirement, a DC-DC step-up converter is
placed between the PV and DC-AC converter (inverter). Many topologies can be used, including
isolated and non-isolated strategies (RAGHAVENDRA et al., 2019)) and among the possible
converter topologies, those that exhibit current-source input characteristics are more desirable as

it promote lower current ripple content.

Passive
Input filter DC link Filter
PV
Grid
_1H | L+ L3 _@
T T T
DC-DC DC-AC Galvanic
converter converter Isolation

(boost) (inverter)

Figure 1.1 — Typical power electronics solution to PV power generation.

The DC link is typically comprised of a group of electrolytic capacitors, such that a
stable and low ripple content DC voltage is available at the input stage of the inverter. Due to the
presence of the capacitors at the DC link, the inverter is a voltage-source type, with a topology
that can vary depending on the configuration of the grid (single or three-phase configuration) and
the galvanic isolation requirement, as discussed further in this section. Furthermore, the inverter
can be used as a controlled voltage source or current source, but in on-grid configurations, it is

usually employed as a controlled current source (ZEB et al., 2018b).

Due to security reasons, galvanic isolation may be required (FREDDY et al., 2013),
(DOGGA; PATHAK! 2019). Hence, transformers can be used to implement such isolation, which
allows compliance with security requirements and avoid the insertion of DC current components
on the grid. In this case, the transformers can be used at the AC or DC sides of the PV DG. When
applied at the AC side, they are connected after the passive filters and before the grid, but due to
the grid’s fundamental frequency, such devices become bulky and expensive. When used on the
DC side, they are employed between the PV input filter and inverter DC link, but a relatively
complex power electronics system is required. Finally, the transformerless strategy became more

popular recently, which avoids the utilization of transformers by employing modified control
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modulation schemes or inverter topologies, such as H5, HERIC, REFU, and DCBP, for example,
(TEODORESCU; LISERRE; RODRIGUEZ, 2011)), (LUO; YE, 2017), (ZEB et al., 2018al).

Many other aspects could be analyzed regarding PV inverters, which can be seen in
many reviews found in the literature (MOREY et al.| 2023), (KIBRIA et al.,[2023), (HAZIM et
al., 2023)). However, the following issues of the typical solution, depicted in Figure for PV
power generation can be stated:

1. Buck type inverter: Conventional inverters are buck-type converters, that is, the synthesized
AC voltage amplitude is lower than the DC link voltage. Such limitation requires the
presence of a voltage step-up DC-DC converter connected at the inverter input stage or a
higher input voltage, through the association of multiple PV panels in series, for example.
In any case, additional implementation costs and lowering of the system’s overall reliability
are the main concerns of these solutions (ZENG et al., 2013), (AKBAR et al., 2019));

2. Dead-time requirement: The simultaneous conduction of the inverter same leg transistors
is forbidden in conventional topologies, due to problems derived by the short-circuit
caused by this condition. Hence, to avoid this problem, dead-time strategies are employed
within the inverter PWM controller. However, it is well-known that dead-time can cause
distortions of the output voltage of the inverter, which is known as the dead-time effect
(BEN-BRAHIM, 1998), (MALLEMACI et al., 2023));

3. Double-stage architecture: Due to the necessity of having a double-stage configuration,
comprised of DC-DC and DC-AC converters, the reliability and flexibility of the typical
solution depicted in Figure|l.1|are negatively affected. Moreover, the presence of additional
controller circuits, heat sinks, and power switches for each individual stage, requires a more
complex power system design and layout when compared with single-stage architectures,
which contributed to an increase in volume and cost when compared with the latter

solution.

As an alternative to double-stage inverters, it can be found in the literature many buck-
boost single-stage inverters topologies (SAHOO et al., 2018). Such topologies present different
merits and disadvantages. Among the disadvantages, one can cite the high current stress and
bulky inductors, and in some cases an increased number of power switches. Moreover, as can be
seen by the solution provided by (BRITO et al.,[2015)), based on a current-source inverter (CSI),
at least one inverter same-leg upper and lower switches should remain activated simultaneously.
If this condition is not ensured, then an abrupt change in the flow of inductor current would
lead to a voltage spike across the inductor capable of damaging the switches. However, to
overcome some of the disadvantages of conventional inverters, (PENG, 1999)) has introduced

impedance-source inverters (INI), which employ shoot-through conduction in their modes of
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operation. The INI has been receiving an increased research interest in the last years (JAMAL et

al., 2022), and presents the following features:

1. Buck-Boost type inverter: INIs are buck-boost type converters, that is, there is no need to
increase the input voltage or employ additional DC-DC converters to obtain higher AC

voltages at the output stage;

2. Flexible voltage gain determination: It is possible to obtain different values of DC link
voltages by adjusting the shoot-through conduction period, which is responsible for

increasing the impedance-source network input voltage;

3. No dead-time requirement: There is no need for dead-time protection since INI employs

shoot-through conduction to realize voltage boost;

4. Single-stage topology: There is no need to design a double-stage power processing
converter since the INI can boost the input voltage and implement the DC-AC conversion

in a single-stage architecture.

Due to these interesting characteristics of INI [], particularly considering PV power
generation, the operational principles of this kind of inverter are further analyzed in the next

section.

1.3 Impedance-source network inverters (INI)

The INI was originally developed to overcome the limitations associated with
conventional inverters based on voltage source (VSI) due to: a) The activation of switches
located on the same inverter leg, by EMI or undesired control actions; b) The buck type
characteristic of these converters, which limits the magnitude of the inverter AC output voltage.
The Z-Source inverter, introduced by (PENG, |1999), was the forerunner of INI, and its mode of
operation remains the same for most of the topologies developed afterward. The Z-Source

inverter has two states of operation: active state and shoot-through state.

In the active state, the power source is connected directly to the load, and the inverter
operates in the traditional manner. In the shoot-through state, the upper and lower switches
located at one or more inverter legs are activated simultaneously (shoot-through conduction).
This scenario is now possible since the impedance-source network allows the disconnection of
the power supply from the rest of the circuit when shoot-through conduction occurs. Moreover,
the impedance-source network promotes particular energy management on its energy storage

devices, making the buck-boost operation possible.

' Tt is not the objective of this work to perform a comprehensive review of the different single-stage inverters

topologies that can be used in PV power generation systems. However, the interested reader can relate to
(SAHOO et al., |2018)) and other similar works to obtain more details about this particular topic.
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There are many topologies for impedance network converters in the literature for different
applications, and as observed by (JAMAL et al., [2022), these converters are based on different
combinations of energy storage elements, such as inductors and capacitors, and may contain
diodes and other power switches. Figure [I.2] shows the schematic diagram and characteristic
waveforms of the conventional inverter and INI, for comparison purposes. It can be seen that
with INI, the DC link voltage Vpc ink(t) has a pulsating waveform, with an amplitude greater
than input voltage V;,, by a factor of B (boost gain). The B factor is directly related to the
shoot-through duty cycle Dy;, which defines the period of shoot-through conduction, and the
switching period 7. Furthermore, the AC output amplitude voltage is B times greater when

compared with the conventional scheme.
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Figure 1.2 — Examples of VSI schemes: a) Conventional; b) INI.

Since the introduction of the Z-Source impedance-source network, research in this field
focused on the development of new topologies (SIWAKOTTI et al., 2014c), (YADAV et al., 2022)



Chapter 1. Introduction 22

and several modulation and control techniques (SIWAKOTT et al., 2014d)), (ABDELHAKIM;
BLAABJERG; MATTAVELLLI, 2018]), which seeks to improve the performance of the impedance-
source converter, while keeping reliability and efficiency. The proposition of new topologies was
driven mainly by the purpose of achieving lower power switch stresses while keeping a higher
voltage gain. Therefore, many solutions were developed, based on switch inductors (SHARIFI;
MONFARED, 2018)), tapped inductors (ESMAEILI et al., 2019), and hybrid impedance sources
(SABARISH et al., 2021). Among these different topologies, the ones based on magnetic
coupling are particularly attractive, since it allows higher converter voltage gain with the aid of

coupled inductors.

The insertion of coupled inductors adds an additional degree of freedom to characterize
the impedance-source network voltage gain, besides the shoot-through duty cycle, as explored in
(LOH; BLAABJERG, 2013)), which lead to the development of different converter topologies
such as isolated Z-source converters (JIANG; CAO; PENG, 2011)), LCCT-Z, (ADAMOWICZ,
2011)), TZ-source (NGUYEN; LIM; KIM| [2012), Trans-Z source (QIAN; PENG; CHA,[2011)),
T-Source (STRZELECKI et al., [2009), A-source (SIWAKOTTI et al., [2016) and Y-Source
(SIWAKOTT et al., 2014e)).

Considering the wide variety of impedance-source networks configurations based on
magnetic coupling, the ones based on the Quasi-Y source network are of particular interest, as
they can provide one of the highest voltage gains with smaller shoot-through periods (SIWAKOTT
et al., 2014b)). Therefore, the current research concerning the Quasi-Y source network is further

discussed in the next section.

1.4 Quasi-Y source network inverter

In the last years, the research conducted with Y-source impedance networks covered

different aspects of this class of impedance-source converter, ranging from:

1. The proposition of new topologies to reducing input current ripple (WANG et al.| 2022)
and allowing soft-switching (GUAN et al., 2022)), higher voltage boosting gains through
switched inductors (YAO et al., 2022), or the intrinsic damping of DC-link voltage spikes
due to leakage inductances (NIKBAHAR; MONFARED, 2022; SIWAKOTT et al., [2014a));

2. The review of Y-source based magnetic-coupled impedance source networks (YADAV et
al., 2022; REDDIVARI; JENA| 2022a);

3. Applications with renewable energy sources based on solar PV or wind-based
generators (RAJAEL; YAZDANI; EBADI, 2022; REDDIVARI; JENAL 2022b);

4. The proposition of model-predictive control approaches (ISMEIL; ORABI; ABDELAAL,
2023));
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Amid the many topologies proposed to improve the Y-Source converter, the
Quasi-Y-Source (QSY) introduced by (SIWAKOTI; BLAABJERG; LOH, 2015a), (SIWAKOTI;
BLAABIJERG; LOH, 2015b), whose schematic is depicted in Figure stands out due to its
advantageous characteristics. For example, the QSY network has the possibility of presenting
continuous input current, which is beneficial for renewable generation sources such as solar PV
panels. Additionally, in this topology, there is an absence of core saturation on the coupled
inductors, which has a positive impact on its design. Regarding voltage step-up capability, the
QSY network presents one of the highest voltage gains among the impedance-source networks
(SIWAKOTT; BLAABJERG; LOH, 2015a)), with a relatively lower shoot-through period.

Load
S, E R,
S
| 17
Quasi-Y Source L Power
Network Converter

Fig. 1.3 — QSY inverter schematic diagram.

As can be seen in Figure [1.3] the QSY network comprises the diode D, the inductor
L;, and the capacitor C5, which avoids core saturation due to DC current component. Also,
there are three coupled inductors with windings turn-ratio defined by N;:/N,: N3, which together
with the capacitor 1, store energy during the different operational stages (shoot-through and
active stages, respectively). The power switches .S, can represent a transistor bridge (half or full
bridge configurations) in the case of DC-AC converters. The load impedance is given by 1, and
L,, respectively. A QSY impedance-source inverter, operating in continuous conduction mode
(CCM) and with tight magnetic coupling, has two main states of operation, namely, shoot-through

and active states, as a conventional INI.

The characteristic voltage and current waveforms for each operational stage are shown in
Figure EI, where Dy is the shoot-through duty cycle and 7 is the switching period. Yet, V is
the gate signal for S,,, and it is high at shoot-through periods, and low during the active state. The

2 Not only PV panels can be connected at the input stage of the QSY inverter, but batteries and fuel cells are other

power sources that could be used with this converter. They are shown here to illustrate the input stage types that
benefit from the characteristics of the QSY network.

The waveforms are not in scale. The main objective is to show the waveform’s characteristic shapes for each
operational stage, besides indicating other variables of interest.

3
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Figure 1.4 — The characteristic voltage and current waveforms of the QSY converter.
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converter equivalent circuits for each state are depicted in Figure ﬂ During the shoot-through
conduction state (S, turned on and D blocked) input energy is stored in the coupled inductors
with windings turns ratio N;:Ns: N3, and (] is discharged, while load current does not depend
on the input stage. At the active state (D turned on and S, turned off), C'; is charged and the
energy coming from V;,, is delivered to the load through diode D, together with the previously
stored energy in the coupled inductors through DC link coupling. Finally, the ideal voltage gain
B of the QSY converter is given by (I.1), where § is related with N;:Ny: N3 turns ratio, and
given by (I.2) and Dy, is shoot-through duty-cycle. Notice that depending on the value of J, the
required D, value can be lowered to obtain the same B. This feature brings an additional design
degree of freedom for the QSY inverter when compared with other INI. Moreover, auxiliary
variables definitions are givenas ¢’ =1 — dand D), =1 — Dg.

Ve iink 1
B = = 1.1
N1+ Ny
6= —-= 1.2
Ny, N, (1.2)

Given the characteristics of the QSY inverter, the present work aims to develop solutions
to the issues stated in section[I.2] through the use of a PV inverter based on the Quasi-Y Source

impedance network. The reasons for the adoption of such a strategy are given below:
4

The currents In1, In2, Ins and voltages Vi1, Ve, Vg are those present in the inductors that have the
respective windings number.
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Figure 1.5 — Equivalent circuits of the QSY converter: a) Shoot-through state, b) Active state.

1. Some of the inherent challenges related to PV power generation can be addressed by
adopting PV inverters that have voltage step-up characteristics, with continuous and
low input current ripple. Moreover, the single-stage configuration is desirable, due to its
inherent advantages. This is the case for the QSY inverter. Moreover, the voltage gain
flexibility of such a converter facilitates the integration of intermittent sources, as is the
case of solar PV panels, satisfying a wider range of operations in different irradiation
scenarios. However, the design flexibility feature available in the QSY inverter also brings

additional challenges, which will be covered along this thesis.

2. The use of CPT can provide control references for selective current compensation, and
can further increase the operational flexibility offered by the QSY inverter, also allowing
it to provide ancillary services. In addition, the immunity to shoot-through conduction,
either caused by electromagnetic disturbances or control erratic behavior, mitigates power
quality problems related to dead-time features, for example. In this case, the PV-based
QSY inverter can use the current references generated by the CPT and inject active power

to the grid, while compensating other current components if required to do so. Despite
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the extensive list of existing works in the literature related to this particular topic, there
are few applications of inverter topologies based on the QSY network in multifunctional

scenarios. In this sense, it is the objective of this work to explore this gap in the literature.

1.5 Objectives

The global objective of this thesis is to explore methodologies to obtain a multifunctional,
three-phase/three-wire and full-bridge inverter based on the Quasi-Y source network, to be used
in the PV power generation context, considering the use of Conservative Power Theory (CPT) to

allow the execution of ancillary services. The specific goals to be achieved are listed below:

1. Propose a design methodology for the Quasi-Y impedance-source network to be used in a

PV multifunctional inverter, considering components’ nonidealities characteristics.

2. Propose a linear control design methodology that allows an effective decoupled control
of the DC link and inverter AC current stage, realizing its practical implementation with
digital controllers in a DSC (Digital Signal Controller) platform.

3. Propose an MPPT control design methodology for the QSY inverter, with an appropriate
mathematical definition of the required transfer functions and criteria for dynamic

requirements during the design stage.

4. Study and propose the use of the Conservative Power Theory (CPT) to bring
multifunctional operating characteristics to the QSY inverter, allowing the converter to
extract the maximum power available from PV panels and perform ancillary services

simultaneously

5. Validate the obtained simulation results and proposed methodologies with an experimental,

low-scale laboratory prototype.

1.6 Summary

In this chapter, the research scope of the thesis was outlined. Some of the main challenges
and opportunities regarding PV power generation were pointed out, and typical approaches used
as solutions to allow solar electric power generation were presented. The gaps and issues of
such strategies were indicated and the use of impedance-source networks was adopted as an

interesting candidate to mitigate some of these problems.

Among the many impedance-source networks available in the literature, the Quasi-Y
Source network was chosen due to its convenient characteristics for a PV power generation
application: Definition of voltage gains with reduced shoot-through periods, higher design

flexibility, and the possibility to obtain continuous input current. In the next chapter, an overview
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and details about the power processing architecture are discussed, such that the definition of

practical design requirements for the QSY inverter can be specified.
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2 Power processing architecture

The increasing penetration of DG, including PV inverters, and the presence of non-linear
loads creates several power quality problems. To solve these issues, passive filters can be used
since they are less expensive and effective in some cases (NADERI et al., [2020). However, this
solution is not adaptative for different scenarios, depending on the load profile. Moreover, passive
filters can create resonance problems with grid or PCC-connected loads. Active filters are an
alternative to passive ones since they are more flexible and possess high compensation capability
for both voltage and current (NADERI et al., 2018)).

However, active filters are costly and are not designed to integrate active power into
the grid. Instead, the multifunctional PV inverter can inject active power from a PV panel and
realize ancillary services simultaneously, inheriting all the advantages of an active filter (GUO;
XU, [2023)). Yet, the type of ancillary service executed by the multifunctional PV inverter will
require a specific connection to the PCC, which will directly affect the design of the converter.
In this sense, the different kinds of arrangements related to multifunctional PV inverters are

investigated.

2.1 Possible arrangements for multifunctional PV inverters

There are three connection arrangements for multifunctional PV inverters: a) Series; b)
Parallel and c) Unified, as shown in Figure In the series connection, the PV inverter behaves
as a controlled voltage source, such that a controlled voltage is inserted in series with the grid
phase voltage. This strategy presents a relatively complex control and design structure and is
used to compensate for voltage-related power quality disturbances, such as harmonics, sags,
and swells on the grid voltage (ANTUNES et al., 2018). The parallel arrangement relies on
controlled currents that are injected into the grid by the PV inverter. This strategy presents a less
complex control and design structure and is used to compensate power quality issues related to
currents, such as current harmonics, non-active power, and phase unbalance (MARAFAO et al.,
2015)(QI et al., 2018).

Since many power quality problems are directly related to current, this strategy is
commonly found in the literature. Finally, in the unified scheme, such as the unified power quality
conditioner (UPQC) there is a simultaneous compensation of voltage and current disturbances,
such that voltage sag/swell, harmonics and unbalance, and also currents harmonics and reactive
power injection/absorption are possible in a single structure (HEENKENDA et al., [2023).
Considering all the possible arrangements shown in Figure [2.1] the QSY inverter is thus designed
in the parallel scheme, with a focus on compensating current-based power quality disturbances.

The parallel or shunt connection is also typical in many grid-connected PV inverters. However,
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Figure 2.1 — Arrangements of multifunctional PV inverters: a) Series; b) Parallel; c) Unified.

there are several ways in which a PV power generation system connected in parallel to the grid
can be designed, which depends among other factors, on the power processing level, number of
PV arrays, the number of phases, grid frequency, and voltage levels of the grid. Therefore, an
overview of the different PV power generation schemes is needed, such that a specific scenario
in which the QSY inverter is applied can be defined, and its operational parameters can be

determined.

2.2 Configuration of grid-connected PV inverters

Conventional PV inverters can be categorized into four types: central, string, multi-
string, and AC modules. Each category presents different operational characteristics and is
used in different power generation levels and applications (ZEB et al., 2018a)), (JANA; SAHA;
BHATTACHARYA| 2017), (BLAABJERG; IONEL), 2017). Figure[2.2] presents these different
schemes for a three-phase/three-wire network, showing the power ratings, application scenarios,
and the number of grid phases in which such strategies are used. In the AC module, there is
a central module that contains all the functionalities of the PV power generation system in a
single structure. Furthermore, an additional DC-DC converter can be used, depending on the
application. In this way, the implementation and installation complexity is lower when compared
to other strategies. Nonetheless, only a few hundred watts are generated with AC modules. There
is also the possibility of using multiple DC modules, which are DC-DC power converters that
integrate the power generated by single PV panels into the inverter DC link. Therefore, it is
possible to apply individual MPPT in each PV panel.

Additionally, in the single-string scheme, multiple PV panels are connected in series
and the power produced is processed by a single inverter. Both in DC-modules and single-
string strategies, the power processed can reach 1 - 10 kW. On the other hand, the multi-string
scheme inherits all the advantages of DC modules and string inverters and allows the delivery
of more generated power, in the range of 10 - 30 kW. Finally, the central inverter is used when
higher power generation levels are required. In this strategy, multiple PV panels are connected
in series/parallel, and power diodes are placed in each string to allow the parallel connection

between PV arrays. The total generated power is processed by a single, high-rating central
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Figure 2.2 — PV generation architectures for different applications and power generation levels.

inverter. It is worth mentioning that the DC-module, string, and multi-string inverters are also

available with single-phase versions.

Since the designed QSY inverter is a single-stage PV inverter, with a single voltage input
and three-phase/three-wire topology, its PV inverter type is defined as string-inverter. In this
sense, it is necessary to know the typical power ratings of such inverters, based on commercially

available products, prior to designing the QSY network and specifying the inverter requirements.

2.3 QSY inverter requirements definition

Table[2.1{shows the main parameters of some three-phase PV inverters presently available
in the market. It can be seen that most models have more than one MPP tracker, working with a
multi-string strategy, which means that multiple PV strings can be connected to the same inverter
with independent MPP tracking. As a conventional three-phase inverter has separate DC-DC
converters to implement the MPPT algorithm, this feature means that more than one DC-DC

converter is present at the inverter DC-side.

Some works in the literature propose MPPT schemes with impedance-source networks
that allow the insertion of two PV strings in the same impedance network, inserting one string
at the input side and another in parallel with a capacitor located in the network (LASHAB et
al., 2019). In this work, it is adopted the single string strategy with the QSY inverter, and future
studies can be done considering multiple MPP trackers within the impedance network. All the

inverters listed in Table 2.1 deliver a line-to-line voltage between 230-415 V, in a three-phase
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Table 2.1 — Commercial three-phase PV inverters parameters.

Output voltage

No. MPP (Ve—rms) Nominal M'a X- Volume  Voltage range Nominal M ax. Nominal THD; PF
Manufacturer Model trackers @ 3~EN power efficiency (m*3)  Vin/Vmppt (V) Input input AC output (%) (lead/lag)
(kW) (%) PP Voltage (V) current (A) current (A) = ° 2
50/60 Hz
. Gen 24 400/230 80-1000
Fronius Symo 2 380/220 3-10 98.2 0.04 /80-800 610 12.5-25 4.5-145 35 0.7-1
SolarEdge SE. 1 400/230 5-10 97.8 0.06 375-450 - 14 -28 8-16
Hybrid
3807220 180-1100
Sungrow SG-RT 2 400/230 5-20 98.5 0.035 600 12.5-25 8.3-319 3 0.8-1
/160-1000
415/240
X3 Hybrid 230-1000
SolaX HV 2 400 5-10 97.6 0.06 /230 - 800 720 11-20 7.6-15 2 08-1
ET 180-1000
Goodwe Series 2 400/380 5-10 98 0.038 /200-850 620 12.5 85-165 3 0.8-1
SPH 150-1000
Growatt Series 2 220 3-6 97.5 0.048 /150-550 360 12 75-15 3 1
PLENTICORE 120-1000
Kostal Plus 3 400/230 3-10 97.2 0.053 7140-720 570 13 4.33-14.43 3 1
160-1000
PHB PHBI13KT-DT 2 380/220 13 98.3 0.023 - 12.5-25 20.3 3 0.8-1

/ 180-850

four-wire, or three-wire schemes at 50/60 Hz. In this sense, the QSY inverter is designed to
deliver 220 V line-to-line voltage in a three-phase three-wire distribution network at 60 Hz. In
the inverters of Table[2.1] the nominal output power range varies from 3-20 kW. Moreover, the
minimum and maximum input voltage levels with MPPT vary from 140-1000 V E] with a nominal
voltage input ranging from 360-720 V. This means that most three-phase PV inverters can deliver
high-efficiency power conversion (>97%) at the nominal voltage in the input stage. Moreover,
lower nominal voltages are not desired due to the increase in current ratings, and the expected

increase in cable costs, maintenance, and installation.

Taking all the previous comments into consideration, for the development of a QSY
inverter with commercially viable characteristics: a) The nominal output power is defined as
3 kW, but it is supposed that the inverter can handle up to 3.75 kVA when ancillary services
are executed; b) The admitted input voltage range varies from 200-1000 V with MPPT; ¢) The
nominal input voltage is defined as 250 V with a maximum input current of 12 A. Finally, the
output-rated current is defined at 7.9 A,.,,s at 3 kW - 220 V line voltage, with the total harmonic
current distortion (7'H D1) lower than 3%.

Considering the reactive power compensations characteristics foreseen in IEEE 1547-
2018, it is adopted that the QS Y-inverter is a category A DER, which means that it covers the
minimum performance capabilities needed for Area APS voltage regulations and it is adequate
for applications where the DER penetration in the distribution system is lower, not being subject
to frequent large power output variation (IEEE, 2018). As such, the inverter should have the
minimum capability of delivering 44% of rated apparent power as reactive power and absorbing
25% of apparent power as reactive power. Hence, the power factor definition for the QSY inverter
should vary in the range of 0.9-1.0 leading/lagging. Another important aspect to be covered is
related to DC link voltage requirements to allow power injection into the grid and the execution
of ancillary services if required. Since the QSY inverter has the flexibility of operating with a

variable DC link and complying with different ancillary requisitions, the DC link voltage range

' Except Fronius Gen 24 Symo, which allows a minimum voltage of 80 V with MPPT
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is fixed at 400-600 V. The maximum DC link voltage value Vpe 4. 1 related to overvoltages
due to stray or leakage inductance, and it is a project parameter to design the LCD regenerative
snubber for the DC link. Considering a maximum deviation of 35% from the maximum DC link
value, Vpo mas 18 defined as 745 V. Now, to allow the shoot-through conduction, conventional
sinusoidal pulse-width modulation techniques (SPWM) must be modified. There are several
schemes available in the literature, both based on control carriers and space-vector approaches,
including Simple Boost modulation (SBC), Maximum Boost Modulation (MBC), and Maximum
Constant Boost Modulation (MCBC) (SANTOS; GONCALVES;, 2021).

Regardless of the scheme, the shoot-through conduction often occurs twice at every
switching period, which means that the shoot-through frequency is defined as f; = 2 f,, where
fs 1s the AC modulation switching frequency. Now, if the inverter PWM control signals are used
to trigger the Digital Signal Controller (DSC) Analog-to-Digital converter (ADC), the number of
samples acquired at grid frequency is an integer, both in single update or double update schemes.
Moreover, if the three-phase inverter is comprised of IGBT switches, with a frequency range
normally defined up to 36 kHz, it is defined that f,; is given by 36 kHz which means that f
is 18 kHz. Hence, if the inverter PWM is configured to be in double-update mode, the ADC
can acquire 300 samples (sampling frequency of 18 kHz) for signals at 60 Hz. Such sampling
frequency is acceptable for IGBT operation both during active and shoot-through states, PLL
implementation, and AC side current control strategies (SIMOES; FARRET, 2016) besides being
sufficient to handle the DC and AC sides control loops separately.

Lastly, PV inverters may require galvanic isolation between PV and the grid. With
impedance-source networks, this strategy can be implemented through topology modifications
and control schemes (BRADASCHIA et al., [2011), (GUO et al., [2018)). In this work, however,
galvanic isolation will not be covered and it will be the focus of future studies since the main
goal of this design is to validate the concept of QSY-based inverter as a multifunctional PV
inverter. Considering all the previous comments, the general parameters of the QSY inverter
are presented in Table 2.2] With the parameters defined, it is now possible to design the QSY

network elements, which is the main scope of the next chapter.

Table 2.2 — Proposed Quasi-Y Source solar PV multifunctional inverter parameters.

Output voltage . . .
No. MPP RN Nominal Voltage range Nominal Max. Nominal THD, PF

A power ., ) Input input Vboc  Vbcmaw  fss [t (kHz)  AC output
trackers @6?) HFiN (kW) Vin & Vnppr (V) Voltage (V) current (A) current (A) (%) (lead/lag)

Model

Quasi-Y

X 220 3 80-1000 250 14 400-600 745 18,36 7.5 <3 0.9-1
Source inverter

2.4 Summary

In this chapter, the power processing architecture in which the QSY inverter was

implemented was discussed and defined. Therefore, it was indicated that the QSY inverter would
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operate in parallel connection, in a three-phase/three-wire configuration connected to the PCC.
Moreover, a string-type inverter was considered, aiming at commercial or small-factory
environment applications. Evaluating commercial three-phase PV inverter parameters, with
power ratings compatible with the intended application, the specifications of the QSY inverter
were defined and justified. With these parameters defined, it is possible to design the QSY

inverter.
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3 Quasi-Y network design

In this chapter the QSY network is designed based on the application requirements
specified in Chapter 2. Figure shows the complete schematic of the QSY network. It should
be noted that the LCD regenerative snubber and diode D voltage damping RC snubber are
also present since they are required to operate the QSY inverter at the ratings given in Table
considering practical overvoltage issues caused by stray inductances. The equivalent series
resistances (ESR) of each component are also considered. Since the snubber components’ ESR
impact on QSY network operational stages are negligible, they are not considered in Figure
In the next sections, the design methodology adopted to specify all converter components
is presented. Note that the presence of snubber circuits does not change significantly the QSY
inverter operational stages, and they are omitted during the derivation of the mathematical

expressions.

3.1 Impedance network elements design

The design of the impedance network begins with the steady-state analysis. As such,
the following assumptions are considered: a) The coupled inductors leakage inductances are
negligible due to a tight magnetic coupling; b) The power switches S, and D have ideal
commutation; ¢) The converter operates in continuous conduction mode (CCM); d) All passive
elements are linear, time-invariant and frequency independent. Furthermore, considering the

waveforms depicted in Figure and the equivalent circuits during shoot-through and active
Csd

= RC snubber
I_l = [CD snubber

- OSY network

VDC link

o

Figure 3.1 — Quasi-Y network complete configuration, including snubber circuits.



Chapter 3. Quasi-Y network design 35

states given in Figure[I.5] expressions of design interest can be derived for the components of
the QSY network. Table [3.1| presents a summary of the obtained expressions (SANTOS et al.|
2023)), whose terms are defined through sections|3.1.143.1.6]

Table 3.1 — Design expressions for the QSY Impedance Network Components.

Component Expression
I V2(1 — BY)Dgy
" fstPokLin
l
|0'| Dt P,
Cy -
VDC linsztfstkCl V;n
F,
C

Vciink|6'| fstko2Vin

VD20link(1 — DSt)
b,

3.1.1 Derivation of V~; and V

Prior to obtaining the design equations of the QSY network, expressions for V; and
Vo2 need to be obtained. Applying Kirchhoff’s Voltage Law (KVL) energy balance criterium on
the circuit depicted in Figure[I.5a] the expression for N; winding voltage in the shoot-through
state Vy1.5, can be approximated as (3.1). In the same way, but considering the circuit shown
in Figure the N; winding voltage in the active state V1, can be written as (3.2)). Now,
considering the energy balance criterion (Volts.s) balance in the winding with N; turn-ratio, an
expression for the average voltage Viy; can be written as (3.3). Hence, substituting (3.1)-(3.2)) in
one can derive (3.4)) which express the relationship between V1 and Vio.

N

Viist = Ver <—1> 3.1)
VNta = 3.2
i) 5

— VaraDuTs + Viia(l — Dy,
Vo = Ni.stUstds + TNl —0 (3.3)

Vo N1+ N3 Dy

— 3.4
Vor ~ Na— N (1—D3t> 4

However, both in active and in the shoot-through state, applying KVL on the input stage
loop, one can obtain (3.5)). The average expression of (3.5]) can be given by (3.6), which reveals



Chapter 3. Quasi-Y network design 36

the relationship between the averaged values of Vi (t) and Voo (t), which are very similar to its

instantaneous values due to the low voltage ripple content.

N- N
Vi — Vin + Ve — Vi (%) Ve =0 (3.5)
1
Voo = Veor — Vi (3.6)

Finally, substituting (3.6) in (3.4) the equations for V; and Vi can be obtained by
(3.7)-(3.8).

. ‘/z (]- - Dst)
i G-D
o V;nDst‘(S,‘
Ver = TP (38)

3.1.2 Derivation of L,,

The V7, expression can be written as (3.9). In steady-state, during the shoot-through
period and considering the waveform of [;;,(t) shown in Figure ””d% can be written as

(3.10), where 11, min is the minimum value of Iy, (t).

dILin
Viin = Lin—— 3.9
L i (3.9)
d[Lin AILin fL'in - [Linfm'in
= = 3.10
dt At DT, ( )

For simplicity, considering a large enough inductance, Al ;, can be approximated by
a fraction of the average value of the input current I;,,, through the use of a current ripple
factor kp;,, hence A, = krinliin, Where I1;, = ‘% being F, the converter output power,
neglecting power loss. Therefore, considering the previous comments, one can obtain (3.11).
Now, substituting (3.7), (3.8), (3.1) in (3.5), the L;,, voltage during shoot-through V7, . can be

given by (3.12). Finally, applying (3.11)) and (3.12) in (3.9) L;,, can be obtained as (3.13)), where
fst 1s the shoot-through frequency.

Al Tpinkpin  Pokri
At DgT,  VinDg Ty
Viinst = Vin(1 — BY') (3.12)
I Vin(1 — BY') Dy,
" fotPokrin

(3.11)

(3.13)
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Considering that the inductor is designed to operate at nominal power levels, it is possible
to identify the minimum power processed at the output that would lead the operation to the
discontinuous mode. Hence, to ensure continuous conduction mode at the input stage, I7;,_min
should be greater than 0 A. This condition is mathematically described by (3.14). Solving (3.14)
for kr;,, one can find that k;;,= 2 is the required value for critical conduction mode, that is,
Irin—min=0 A. Now, assuming that all variables in expression are constant, except P,
it is possible to define through (3.15) the minimum output power P, ,,;, that is needed to
obtain continuous conduction mode at the input, considering that k;,= 2, where 7 is converter

efficiency.

o k in
Tom(1— 222y > 0 (3.14)
V2(1 — B8)Dyn
Py = 2 3.15
2fstLin ( )

3.1.3 Derivation of ,,

Considering that the coupled-inductor core can be treated as a uniform magnetic circuit,
that is, the air-gap reluctance is incorporated in the core body, the expression of the equivalent
reluctance Z is given by (3.16), where [ is the mean length of the magnetic circuit, y, is the
air magnetic permeability, 1, is relative magnetic material permeability and A is the core cross-
section area. Now, the magnetizing inductance L,, is classically defined by (WITULSKI,
1995)), and is related to core’s reluctance % and the number of windings N;, which is the

coupled-inductor energy input coil ﬂ

l
_ (3.16)
foptr A
N NP A 317
" g l '

3.1.4 Derivation of (5

The current and voltage associated with (% are related by (3.18)), considering the shoot-
. . . dVoy ., AV,
through state and using the same methodology adopted in the L;, design, such that <& ~ 5-¢2
and AVpe = keoVia ﬂ However, during the shoot-through state, /oo = I}, as can be inferred
by the circuit shown in Figure Assuming that I, = I, ~ 54, isolating C'5 in (3.18)) and
considering (3.8)), one can obtain (3.19).

1

Currently, the author is working to develop a more complete L,,, design methodology, which considers lower
core power losses and reduced operation temperature. However, the statements made in this section can be
followed as general guidance to design L,,.

Similarly to k1., kc1 and koo are used to relate the ripple voltages AVgo, AV with the voltage values
V1, Voo, respectively. Note that due to the low voltage ripple content, Vi ~ Ve and Voo & Ves.
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dVes kcaVes
Ty = — 3.18
c2 = Co—— a =Cy——7+7- D.T. (3.18)

P
C — o 3.19
2 Vpeiimn 0| fstkcaVin ©.19)

3.1.5 Derivation of (;

The current and voltage association with C;, given by (3.20), is similar to (3.I8§),
considering the shoot-through state and using the same methodology adopted in the L;,, design,
such that 21 ~ AVCl and AVey = ke1Ver. As reported in (FOROUZESH et al., [2016), the
windings and currents of each coupled—lnductor coil are related by (3.21). Applying KCL on the
coupled inductors, one can derive (3 . Despite the fact that /o9 = In1 + [,,,, considering a
large enough magnetizing inductance Lm, I,, is comparatively lower than [y in steady state
and hence during shoot-through /oo & Iyi. Therefore, by substituting (3.20) for (3.22)), it is

possible to derive expressions for /3 and [y9 with respect to Iy and /-5, as can be seen in

(3.22) and (3.23).

dVen kciVer

Ioy = Ci—— d, =Cl—— DT (3.20)
NiIn1 = Nalng — N3lns (3.21)
In2 = 1In3— In1 (3.22)

Ing = In10 = 120 (3.23)

Ino = I |8'] & Io|| (3.24)

Since I = In» then, isolating C in (3.20) and considering (3.7), it is possible to obtain

@E23)f

|0'| Dt P,

C, =
! VDC linkD/stfstkC'1 V;n

(3.25)

3.1.6 Determination of R, and L,

The determination of R,, which is used to represent the load connected at the inverter
output in the equivalent circuits depicted in Figure [[.5] is based on the AC load power
consumption F,, the value of the RMS DC link voltage Vpeink—rms and Dg. Hence, R, is

3 Besides the capacitance values of C; and Cs, it is also important to define the correct constructive material

type. Considering the waveforms signatures of Icq and I, shown in Figure[T.4] the designer may choose to
work with a composition of film and electrolytic capacitors, for example, to mitigate reliability issues associated
with high-frequency current ripple. Other solutions may be employed as well, but this discussion is beyond the
objectives of this section.
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derived by (3.26). On the other hand, if the inverter has output filter inductances, L, has the

same value of such filter inductances.

V2 . V2 ; 1-— Ds
R, = DCng—rms _ DClznkj(D t> (3.26)

3.2 Electrical quantities expressions for the QSY converter

Through the analytical description of the characteristic waveforms depicted in Figure
and applying Kirchhoff voltage (KVL) and current (KCL) laws to the equivalent circuits
depicted in Figure [[.5] considering inductor voltage and capacitor charge balance, the main
voltage and current expressions for the QSY network are derived and shown in Table[3.2] For a
generic quantity x, its root-mean-square (RMS) value is identified as x,.,,s, mean and peak values
by x and z, respectively. It should be noted that the converter efficiency 7, for a conservative
design, could be defined in the range of 0.8 < 7 < 0.985 ﬂ The auxiliary design factor o’ is
used to approximate the derived results to more realistic scenarios, considering the converter’s

non-ideal behavior, and is recommended to adopt o'=1.1.

Table 3.2 — Set of expressions related to the main electrical quantities in the QSY converter.

Variable Expression Variable Expression
T 7 o kLm
ILiTu [CZ ]Lin(l + T) ]Nlrms ~ ICQrms
— b, 5 > ke
Irin Ve Ver(1+ —
L Vil c1 (1 + 9 )
— KEin - ,
ILinrms IL'in 1 + ﬁ VCl-, VClrms V;,nBDgt
~ D
VL’i'n ‘/;rz(B - 1)7“ [Cl'r'ms INQT'ms
Dsf,
 — 3 T kLin 2D5t
Ini23 0 Ip Ipino’ (1 + 5 + D, )
— k2, Dl +4(Dy +3) — -
Ics TS I inDs Lin st : I I in
C2rms L ‘t\/ 12DStD;t D Li
I Iinld'|0" I Lin |16 + (kpin — 2)(kzinDly + 2(Dy + 1))
N2 Lin Drms 2\/§ Dét Lin Lindt/ st st
> ‘/in
]NZ'rms ICQ’V‘MS‘6,| VD 5D (6 - Dgt(l + B((SDst - (5’)))
st
Ins 1,60 Tswrms Tomdkiim \/% (012,Zr+1 + 012(km+i)2+g/,kun+1>
"Lin
]N3'rms ](727‘77186 [!:u/ jNB
i ke : TomDd
VCQ VCQ(l + %) ]Sm %(0/(2 + kLin,) +2— kLin)
Voa, Vorrms Vin(BD}, — 1) Veu Vin B
. Ny D, (1 - B) RS Ny Njo
V Vin st Vina, Ve — Vi1, =V,
N1 i (N1+N2> ( Dst N2 N3 N1 Nl,]\/vl N1

The values shown in Table [3.5|were obtained by adopting 7=90%, with the objective to achieve a reasonable
safety margin. The designer may define other values for 1 based on different criteria.
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3.3 Design parameters for the Quasi-Y network

As the nominal voltage of the QSY inverter is 250 V, the QSY network is designed to
deliver maximum voltage gain and power at this input voltage (600 V and 3 kW, respectively, with
B=2.4 and ideal D =0.1944). Furthermore, the ¢ factor is critical for the impedance-network
design. Figure [3.2]show the voltage stress at different components of the QSY network in p.u,
with the base value being the nominal input voltage V;,,=250 and V,, indicates the voltage stress
at the inverter switches. As can be seen in Figure as 0 increases, the required Dy, decreases
to attain the same B, but higher voltage stress is experienced by power switches. If =2, then B
is similar to the conventional Z-Source network, which does not allow better exploitation of the

proposed topology in terms of voltage gain.

However, if 0>4, then higher voltage stress issues arise. In this sense, defining §=3 offers
a good compromise between achieving the boost advantages of the proposed topology without
excessive voltage stress. There are several windings proportions that can be used to obtain
0=3, and in this work, the 1:5:3 configuration is used. Considering the parameters presented in
Table [2.2]and the previous comments, in Table [3.3]it is shown the impedance network project
parameters, that are based on nominal values E} Furthermore, considering the expressions given
in Table[3.2] the following variables are calculated and shown in Table 3.4} i) L;,, considering
continuous-conduction mode; ii) C; and Cy; iv) Equivalent series resistance values (ESR) rp;,,,
rc1, o2, Tp based on typical practical values; v) Load resistance I?,,. The values of ry1 w2 n3,
L,, and Ny:N5:Nj3 (and ) are obtained based on practical values, such as those presented in
Appendix |Al for different coupled-inductors available in the laboratory. The values of kr;,, ko1
and k¢ shown in Table were chosen such that minimum values of L;,, C'; and C5 are
obtained, considering that the shoot-through frequency is already defined. Using the expressions
given in Table [3.2] the electrical quantities of the QSY inverter are calculated and shown in Table
Notice that the calculated values shown in Table does not consider the additional current

or voltage stresses caused by leakage inductances.

Table 3.3 — Quasi-Y impedance network project parameters.

Vi Vociink P B 0 Ni:NotNs Dy kpin  kor koo
250V 600V 3kwW 24 3 1:5:3 0.1944 50% O0.1% 5%

In the next sections, the issue of snubbers design for the QSY network is covered to
mitigate problems related to overvoltages caused by stray inductances that are unavoidable

present in the real converter.

> Due to the flexible DC link characteristics, the QSY inverter could operate with different values of Vp¢ jink, if

the converter components voltages and currents in this cases respect the limits shown in Table @
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Figure 3.2 — Voltage stress at different components of the QSY network for different 9.

Table 3.4 — QSY converter circuit parameters.

Component Value Component Value

02 5.56 /J,F Tc2 10 mQ2
Cl 268 /,LF rc1 10 m§2
D 25 mf) TN1,N2,N3 6, 30, 18 mf?2

L, 0.217mH N;:N5:N3 37:186:112
) 3 Dy 0.1944

3.4 RC and LCD snubber designs

Due to nonideal inductances present in the QSY network, overvoltage issues occurs with

D and S,,. In this section, a brief description of the possible solutions to this problem is given.

3.4.1 RC snubber

Figure [3.3|shows the nonideal inductance and capacitance that are present in the QSY
converter. The QSY network diode D has parasitic capacitance Cp,, that can be modeled
in parallel with the anode-cathode terminals. Moreover, series resistance Rp and depletion
layer voltage, which is modeled as Vpy, are also used to represent the nonideal behavior of
D. Furthermore, equivalent stray inductances L 7 and capacitance C}, can be used to model
the nonideal behavior of other elements that comprise the QSY network and directly affect the
voltage stress across D. The interaction between these nonideal inductances and capacitance
produces unwanted voltage resonance due to the series RLC network, which may damage the

diode D due to overvoltage.

One classical solution to this issue involves the utilization of a passive snubber circuit
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Table 3.5 — Calculated electrical quantities for QSY inverter.

Variable Value Variable Value
LIz 1TA Inigms 7A
Trin 13A Ven 484V
J F— 14A  Ver, Verrms 483V
Viin 1450V Icirms 14 A
Inias 0A Ip 25 A
Icarms 7A Ip 13 A
Ino 37 A Iprms 15A
IN3rms 14 A Vp -1200 V
Ins 55A TSurms 19 A
IN3rms 20 A Isw 55A
Veo 239V Isw 8 A
Vea, Veorms 233V Vuw 600 V
Vi 242V Vo, Vg -1208V,-726 V

based on an RC network. Nonetheless, an unwanted power loss will occur, despite the overvoltage

damping. Currently, further studies are being carried out to solve this issue. For instance, the

design of an RC snubber is done somewhat empirically, but complementary methodologies can
aid the design process (RIDLEY| 2005b). Figure [3.4a) shows the V), waveform obtained through

OSY network

Figure 3.3 — Equivalent circuit showing the stray inductances and capacitance in the QSY inverter.

Power switches nonideal elements are shown in blue.
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Figure 3.4 — Waveforms of voltage ringing at D due to resonance caused by nonideal equivalent
capacitances and inductances: a) Simulation; b) Experimental.

simulations, before and after the insertion of the RC snubber across D. In this case, the values of
stray inductances were defined empirically. It can be seen that the overvoltage was effectively
damped from -1440 V to -1000 V. Figure [3.4b| shows a practical waveform of Vp, which is
damped with an RC snubber designed with R,; = 270 €2 and C; = 4 nF, with a peak voltage of 1
kV.

3.4.2 Regenerative LCD snubber

The DC link overvoltage issues also arise due to the interaction of inductances Ly 7
during the transition of shoot-through state to active state. Basically, during the shoot-through
state energy is stored at the leakage inductances (.5,, is turned on). At the transition to the active
state, this stored energy is returned to the system as overvoltage, due to large d;/d,. There are
several solutions to this issue, involving the utilization of new topologies, active and passive

snubbers, with and without regenerative features. Table [3.6| presents a non-exhaustive list of
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found solutions in the literature for magnetically coupled impedance source (MCIS) inverters,
including its references, showing: a) The type of solution - either topology modification (Tp),
passive snubber (PSN) or active snubber (ASN); b) Number of devices employed, in terms of
inductors (L), capacitors (C), diodes (D) and transistors (T); ¢) Device ratings, where *** and *
means higher or lower ratings, respectively; d) Number of operational stages; €) Regenerative
capability; f) Common ground feature; g) Possibility of extending such solution to other types of
impedance network (generic solution); h) Continuous input current characteristics and 1) Zero

magnetizing current.

Table 3.6 — Solutions to DC link overvoltage in Y-source based MCIS inverters.

Device #0p. o G cIC ZMC

Solution References Type #(L,C,D,T) ratings stages
Voltage-double YSI I et al.||2017) Tp 0,1,2,0 sk 4 - v - v v
DC-rail clamping (CHA; LI; PENG. 2016) Tp 0,0,1,0 Fkk - - v - v -
Low-spike Y-source (LIU et al.||2019) Tp 0,1,1,0 Fk 4 v v - v
High step-up Y-Source (LIU et al.|[2018a) PSN 1,2,1,0 HoEE 4 - v - v -
Smooth DC link Y-source (NIKBAHAR; MONFARED|[2022) ASN 0,1,2,1 wokk 4 - v - v v
LCD snubber (FOROUZESH et al.|[2018) PSN 1,1,2,0 * 2 v v v v v

Note: L,C,D,T: Inductor, capacitor, diode, transistor; Tp: topology; PSN: Passive snubber; ASN: Active snubber; R:
Regenerative; CG: Common ground; G: Generic solution; CIC: Continuous input current; ZMC: Zero magnetizing current

It can be seen in Table [3.6| that all solutions allow common ground between input source
and load and continuous input current, which are beneficial characteristics for power converters
used in PV inverters. However, the solutions based on topology modification (JI et al., 2017)-
(LIU et al., 2019) demand additional elements with ratings similar to the impedance network
itself, which adds additional operational stages, cost, and volume. In this way, more complex
analytical analysis is required to obtain dynamic models or component design expressions, for
example. Furthermore, these kinds of solutions are not generic, i.e., do not apply to any type
of impedance-source network and do not always allow zero-magnetizing current at the coupled
inductors or they can regenerate the leakage inductance energy. Surely, those types of solutions
offer specific advantages, such as higher voltages gain, but they do not offer solutions to the DC
link overvoltage issues in existing topologies, which do not help to continue the improvement and

research with current topologies, particularly to deploy such converters in industry applications.

The second type of solution is based on active snubbers (NIKBAHAR; MONFARED,
2022), in which a transistor is used together with energy storage devices and diodes to clamp the
DC link overvoltage. This type of solution requires additional design complexity since additional
gate drive circuits and higher-rating components are required to implement it. Furthermore, one
of the main advantages of the impedance-source networks remains on the single-stage power
conversion characteristics, which adds a great level of flexibility to these types of converters. But
adding an active snubber resembles the simple solution of joining a DC-DC impedance-source
converter with an inverter since the output capacitor of a DC-DC converter naturally acts as a
voltage-damping device. Hence, in practice, one has a double-stage power conversion, with the
typical disadvantages of such structures, such as higher complexity and cost, and lower reliability.

Additionally, not necessarily this type of solution is expandable to other MCIS inverters
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Lastly the passive snubber solutions (LIU et al., 2018b)-(FOROUZESH et al., 2018)

relies on the use of a mix combination of energy storage devices (inductors and capacitors) and
diodes to clamp the DC link voltage. The solutions presented in (LIU et al., 2018b)), (LIU et al.,
2018a), (LIU; SHI; WANG, 2019) require the utilization of additional high-rating components,
including a bulky L, inductance, which may increase the converter volume and cost. Yet, the
strategy proposed by (FOROUZESH et al., 2018)) presents interesting characteristics, such as a)
Low rating components; b) With an adequate design, it does not modify the converter operational

stages (Cplug-and-play’ type-solution); c) Does not require topology modification; d) It is a
generic solution, that can be applied in any type of MCIS or any other impedance network.
Moreover, the LCD snubber has regenerative capability and it can be used with converters that
allow common ground, continuous input current, and zero-magnetizing current - which is the
case of the QSY inverter. Unfortunately, the LCD snubber has a challenging design procedure

(NIKBAHAR; MONFARED), 2022)) and the paper that originates such structure (FOROUZESH

does not present a concise and clear methodology to design such snubber.

Presently, the author is actively studying and proposing analytical and interactive design
methodologies for LCD design, since a clear methodology is not present in the literature, as
mentioned earlier. A complete description of these solutions will not be given here since the
scope of this work is to show the feasibility of the QSY PV multifunctional inverter. Nonetheless,
in appendix [B]it can be seen in Figure [B|the flowchart of one of the proposed design algorithms
by the author, which shows an optimization-oriented design methodology to obtain an LCD
snubber taking into account different design criteria, considering current and voltage stress and
final snubber weight, volume and cost. In Figure [3.5]it can be seen the obtained waveforms at
Vpeuink before and after the insertion of the LCD snubber. It is clear that the peak voltage was
damped from 900 V to a value lower than 600 V, which shows that the LCD design methodology

was effective.
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Figure 3.5 — Vpoink waveform comparison with and without the LCD snubber.
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3.5 Summary

In this chapter the QSY network design methodology was presented. Based on the QSY
inverter operation, the main design equations were defined, including critical electrical quantities
values considering the intended application, defined in Chapter 2. Furthermore, to allow the
operation of the inverter considering practical issues, caused mainly by stray inductances, the
design of RC and LCD snubber was discussed. With the QSY network parameters defined, the
control design of DC link voltage, inverter current, and MPPT closed-loop systems are discussed

in the next chapters.
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4 DC link voltage control

There are two control variables in the impedance source inverters, namely the shoot-
through duty cycle Dy, which can be used to regulate V¢ jink, and the linear modulation index
M, which controls the synthesized inverter AC current. Moreover, the control of these variables
can be done independently or not, but satisfactory results are obtained only with the independent
schemes (SIWAKOTI et al., 2014d), since a strict regulation of Vpe ik 1S essential to allow
proper energy transfer from DC to AC stages. Hence, this section is concerned to establish a
control methodology for the regulation of Vpe ik, independently from the inverter AC side

current control.

Among the different strategies to regulate Vo ink, the indirect approach proposed by
(DING et al., 2007) is used, due to its easiness of implementation and satisfactory results. In
this strategy, Vpc ik is indirectly controlled by measuring V. Figure .1 shows the Ve ing
control strategy used in this work. It is worth mentioning that the MPPT control strategy is
performed at the AC side control loop, with the DC side control loop being only responsible for
Vpeuink regulation. In the next sections, the control goals and specifications for V¢ ;i control

are specified.
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Figure 4.1 — Adopted DC link voltage regulation control system.
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4.1 Closed-loop block diagram

Figure [4.2]shows the closed-loop block diagram of the DC link voltage regulation system,
where: a) G._;inx(2) is the digital controller; b) SPW M (z) is the modified sinusoidal pulse
width modulator (PWM); ¢) G ‘]%(s) is the Vo to Dy, transfer function; d) H (s) is the feedback
loop dynamics; e) ADC represents the analog to digital conversion dynamics and f) external
disturbances are modeled as ;, and 7,, which represents the input voltage and output current
disturbances. In this case, the input voltage disturbance represents the intermittent nature of PV
power generation or load variation over time. The V¢ (¢) voltage is measured by a voltage sensor

and signal conditioning board, which are modeled as H(s).

Vin(s) | ~vcies)
Vin(s)

....................................................... . i 0 (V) VC [ (s)l
. io(s)

Vdc-ctr/ (k) D st (t)

o K Ve
Dyi(s)

Ve Pl e ] %
: N(s)

.......................................................

—Digital ~=—Analog = Disturbances

Figure 4.2 — DC link voltage regulation control block diagram.

Additionally, unwanted sensing disturbances may occur, and these are modeled as
N(s). The output measured voltage Vi1, (t) is then digitalized by ADC, now being a digital

value V¢ (k). The read voltage is compared with the voltage reference V%, (k). Recalling the
A7
Dy’

The difference between V%, (k) and Vo (k) values, defined by ey, is used by the voltage controller

expressions shown in Table Vihciine = hence knowing V. ;.60 Vi (k) is estimated.
Ge_1ink(2) to generate a control signal Vj._ ., (k), which is used with the modified sinusoidal
PWM driver SPW M (z). The SPW M (z) will control the inverter switches with a shoot-through
duty-cycle Dy, according to V.. (k). The transfer function G ‘[% (s) models how V¢ varies
with Dy,. Notice that Vi (¢) is affected by input and load disturbances, modeled by G %(5) and
G % (s). It can be seen that since the desired controller is going to be implemented with a digital
sigr:al controller (DSC), then the control system has analog and digital control parts. In this sense,
the control design strategy will be made on the continuous time frame, representing the digital
blocks in z with an equivalent block in s. After evaluating the system in the continuous time
domain, the designed controller is discretized using bilinear transformation, to be implemented

in the DSC. In the next sections, additional details are given concerning each block shown in

Figure 4.2
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4.2 Feedback dynamics - H(s) and ADC

As can be seen in Figure @.3] the closed-loop control begins with the feedback signal
Ve (t), obtained by the signal voltage sensor (LEM-25P) which also galvanic isolates the power
and control sides. The output of the voltage sensor attenuates V1 (¢) by a factor of Ks0-- Then,
an operational-amplifier analog circuit is manually configured to regulate its input signal by a
factor of K y4r, granting that the read signal is within the scale range of DSC analog to digital
converter (ADC). To avoid aliasing, a first-order active low-pass filter with a cut-off frequency
defined as 5 ~ L is implemented by allocating C;=3.3 nF and R,=10 k(2. A voltage limiter
circuit is used to grant that the maximum and minimum read voltage values are within the ADC
tolerance (in this case a minimum of 0 V and a maximum of 3 V). The resulting signal V15,(t)
is sampled by the ADC' at f,, and once inside the DSC environment, it is re-scaled by K 4. such
that the feedback path has unity gain, that is Kepsor 5 gain /K Apc=1. Therefore, considering all

the previous comments, the feedback path H 4pc(s) is defined as (4.1])

1 1
14 sR.C, 1+33-1076s

HADC(S) (41)

4.3 QSY network dynamics G‘{%(s)

In this work, the "State-Space Averaging" technique (MIDDLEBROOK; CUK, |1976) is
used to derive the small-signal model of the QSY converter. The same assumptions adopted in
Section [3.1]are used to derive the small-signal model. Moreover, in the following subsections,

the state-space model and its validation, through computational simulations, are presented.

The QSY converter operational states can be mathematically represented in state-space

format. Applying KVL and KCL to the equivalent circuit of shoot-through state, as depicted in

— —_—
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- /
Ks‘ensor Kgain 1+33-10"%s ov/ KADC
(
Vei® Sensor Adjustable Anti-alias Limiter Veun® 8 Software Ver(b)
L J | Gain filter < gain
3V — -
250kQ  22kQ 10 kQ l
< 33 nF ‘,v‘ -x’
Slao [ — p 5 N J‘.‘
e 27kQ TLO74 o
r - } . & IR BAT545 S
b signal QS reas o
GNDA BATSA: F28379D
LEM-25P GNDA <
i GNDA
i Signal conditioning board

Figure 4.3 — Feedback loop H (s) detailed block diagram.
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Figure expressions (#.2)-([@4) are derived [l

Ny + N
v%—mm—wﬂWJQH—wm+wa—vm(—ﬁ;ﬁ)—wm—wm—wazo
1
4.2)
Ny — N.
Wn+Wm+Wm+WM<—%rj>—WS—WMZO (4.3)
1
Inin=1Ic1+ Ins = In1 + I, 4.4)

Isolating the state variables derivatives in (.2))-(4.4)), one can obtain (@.3)-(.10), where
1= 06(rNs+7rs) Y2 = —% and the \ factors present in (4.5)-(4.23) are given in
Appendix [C|

d]; =T + Ipin A1 + ImAo + Vi As + Vo Ay (4.5)
dlload

=0 4.6
o (4.6)

dl,,
W = [Lin)\ﬁ') —|— Im)\6 —|— VCl)\7 (47)

d
g%ﬂm&+%& (4.8)
dVeo

I 4.9
o LinA10 (4.9)
Vociink = Lrinyi + L2 (4.10)

Similarly, but now considering the active state, it is possible to obtain {.11))-@.17) by
applying KVL and KCL on the circuit of Figure[I.5b]

N; + N.
Vin = Viin — Virin + Voo + Vico — VN1¥ —Vie1r =Ver =0 (4.11)
1

Ny, — N.

1@+wm+wmiﬁ—%—wm—m,wgzo (4.12)
1
N; + N.

VCQ"*“/TCQ_VNI%_ N3+ Vip =0 (4.13)

1
Vin = Viin = Verin —Vp = Vg, = Vi, =0 (4.14)
Itin =1Ip — Ico (4.15)
Ioo = —In1 — Iy = —Icq1 — Ins (4.16)
Ins + Ip = Lioad (4.17)

Recall that for a generic quantity z, its root-mean-square (RMS) value is identified as x;,s, mean and peak
values by = and Z, respectively. Moreover, bold variables indicate matrices or vectors (for example, x). Finally,
if not otherwise indicated, x refers only to the instantaneous variable value z(t). To keep the notation concise,
(t) is omitted in this case.



Chapter 4. DC link voltage control 51

Isolating the state variables derivatives in (4.11)-(@.17), one can obtain (4.18)-(#.23),

r r T 2 —(rp+r r 2
where 73:(Da+5f++02) +rve + (%) N3+ e, 74:W —Trne + (%) N3 — T'Cl,
’)/5=N1 (g/D(]T/:i}VJ;;‘Cﬁ _ ]\21]\7(1]\/4:;\;3];722) N3 and ’)/6=—%.

dI m V;n

st =7 + IninAi1 + LipaaMiz + LAz + Ver s + Vs Ais (4.18)
d]load

o = IrinA6 + LioaaM7 + ImAis + Vor Ao + Viea Aoy 4.19)

dIl,,
I = IrinA21 + Liogaro2 + I Aoz + Vo Aoy (4.20)

dV,
dfl = Irinhos + JioaaNas (4.21)
dV;

dt” = Inindor + TiadMas + Inhag (4.22)
Vociink = Ver + Lrinys + Liaa¥a + Im s + Veovs (4.23)

Therefore, managing the state variables definitions for active and shoot-through states,
given by (4.5)-@.23), in the matrix format, as indicated by (@.24)-(4.25]), where n=1 refers to

shoot-through and n=2 to the active state, one can obtain the matrices A;_5 and C;_5 given by

T
(A26)-(E28). Additionally, Ey=F,=0 and By1=By=[~ 0 0 0 0] .

dx(t
% = A,z (t) + Buu(t) (4.24)
y(t) = Cpx(t) + E,u(t) (4.25)
A0 A Az Ny Air Az Az Al Ass
0 0 0 0 O A6 A7 Ais Ag Ag
Air= (X 0 X A7 0|;A2=[X1 A2 Ay 0 Ay (426)
)\8 0 >\9 0 )\25 )\26 0 0 0
/\10 0 0 0 )\27 /\28 /\29 0 0
C, = [71 0 7 0 0] 4.27)
C; = [73 Yo s 1 %} (4.28)

Yet, the state matrices are described by the vector @ = [I1:, [ioad, Im, Ve, VCQ]T, the
input and output variables by U = V;,, and y = Vpc ink, respectively. Through the definitions
of matrices A,,, B,,, C,, and E,, for n=1 and n=2, it is possible to define the average matrices
Agvgs Bavgs Cavgs Eavg. given by (4.29)-(.32), respectively. Moreover, B, and E4 matrices
are defined by (#.33)-(4.34)), where X is the DC terms matrix of state variables, given by (#.33).
Finally, the output average value Y is given by (4.36).
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Aqvg = A1Dg + A2D., (4.29)
Bavg = B1Dy + B2 D, (4.30)
Cuvg = C1D,; + C2 D, (4.31)
Euvg = E1Dy + E5 D, (4.32)
By=(A; — Ay)X + (By — By)U (4.33)
E;=(Cy —Co)X + (Ey — EQ)U (4.34)
X = —A) BayU (4.35)

Y = (—Cavg A, yBavg + Eavg)U (4.36)

The transfer functions considering the state variables in relation to the control and the

input are given by (4.37) and (4.38)), respectively, and output variable to input and control, by
(4.39) and @.40), respectively.

CAC(S) —1
S) _(sT— A,,,) 'B 437
d(s) (3 g) d ( )
&(s) _ _ ~1
2 = (5T — Agug) " Bavg (4.38)
9(8) _ ¢ (5T — Agny)'Ba + Ea (4.39)
d(s)
9(s) _ Clavg (5T — Auvg) ' Bavg + Eavg (4.40)

To evaluate the usefulness of the transfer functions obtained from the small-signal model,
the QSY inverter equivalent circuit, depicted in Figure|l.5|was simulated using a switched circuit
and the transfer functions, using PSIM and considering the parameters given in Table [3.4] with
L, defined as 5.56 mH. The implemented circuit model on PSIM can be seen in Figure[4.4] The
transient behaviors of the state space variables due to a step of 3% in Dy, are shown in Figure
ILin(5) Tioad(s) Im(s) Vei(s) Veoa(s) 404 the

, considering results from the transfer functions (8 da(s)? da(s) () A
st st st st st

respective switched circuit waveform. It should be clarified that the insertion of s,,,, free-wheel

switch is needed to turn the circuit behavior at PSIM similar to what is considered during the
small-signal model derivation. The reason for this is that the current through I, cannot be
interrupted abruptly during the transition from active to shoot-through state - as it is the case in
the mathematical model. Moreover, the insertion of s,,, do not modify the converter dynamics
and the modeling procedure carried out in this chapter. As can be seen, the obtained results show
that there is a satisfactory match between the theoretical prediction provided by the dynamic

model and the switched converter operation.
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s_aux

Figure 4.4 — Equivalent QSY converter circuit built on PSIM.
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4.4 Modified Sinusoidal PWM - SPWM(s)

In conventional inverters, as shown in Figure [I.2a] sinusoidal PWM or space vector
techniques comprise the main strategies for the control of inverter transistors, such that AC
voltages or currents are obtained at the inverter output. However, with impedance-source-based
inverters, this control technique must be modified to include the control information that is
necessary to establish the shoot-through conduction. There are several ways to achieve this
goal using different control schemes, such as Simple Boost (SBC), Maximum Constant Boost
(MCBC), and Maximum Boost (MBC) controls. A comprehensive comparison among these
techniques applied to the QSY inverter was done by the author in (SANTOS; GONCALVES|
2021). Table presents the different expressions of Dy when different modified SPWM
techniques are employed. For all these techniques, the control of AC and DC sides are not
independent of each other, that is, M is responsible to define Dy; (and consequently Ve jink)
and also follows the AC control voltage/current reference simultaneously. Since the decoupled

control of DC and AC sides is desired, then a different approach is needed.

Table 4.1 — Relationship between D, and M for different modified SPWM techniques.

Index SBC MBC MCBC

Dst 1—M 2%—3;/5]% 1 — \/?;M

Figure [4.6| presents the waveforms for the conventional Simple Boost Control (SBC) and
modified SBC, proposed by (DING et al., 2007). In the conventional SBC, as shown in Figure
M.6a] one triangular wave carrier with f; frequency is directly compared with two auxiliary
control signals, defined by SBC positive and negative thresholds. Notice that each threshold
signal is equal in module to M. When the triangular carrier is greater or lower than the threshold
values, a shoot-through pulse with duty-cycle defined as Dy, is generated. However, the auxiliary
signals’ positive and negative thresholds change as the AC modulation carrier change, which do
not allow decoupled control. The modified SBC strategy shown in Figure 4.6b|uses a triangular
wave carrier with the frequency defined as twice f, that is, the f, frequency. Moreover, the
mean value of the new triangular carrier is 0.5, instead of 0, and the maximum and minimum
values are defined as 1 and 0, respectively. A single control signal, V.., is compared with
the triangular carrier to generate the shoot-through pulses with D, duty-cycle, instead of two

auxiliary signals, as in conventional SBC.

Yet, the shoot-through pulses do not depend on the AC modulation signal, which is now
compared with another triangular carrier with f, frequency to synthesize the desired inverter AC
output voltage/current, allowing decoupled control between inverter AC and DC sides. Analyzing
the waveforms shown in Figure 4.6b|and considering the inherent delay present in digital PWM
with double update mode (BUSO; MATTAVELLI, 2015)), one found that the transfer function of
Dy t0 Vpo— e is given by (@.41). Additionally, as in conventional SBC, the maximum value of
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Figure 4.6 — Simple Boost Control shoot-through pulses generation schemes: a) Conventional;

b) Modified.

M, defined as M,,,., depends on the maximum value of Vj._ .., which is theoretically defined

as Vie_ctri—maz = %. If M is greater than M,,,,, the inverter AC output will not respond as

desired to the control command, and a satisfactory AC reference tracking is not obtained.

1 —
SPWM(s) = Dot _

S
4fst

B ‘/dc—ctrl B 1+

S
4fst

(4.41)

With all the required transfer functions obtained the discussion can be forwarded to the

definition of the control goals and dynamics specifications.
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4.5 Control goals and specifications

The first step for the control design of Vpe ik i to define the desired performance
requirements that must be met by the closed-loop control system. The following requirements

are established:

1. Requirement I: The converter must remain stable in the nominal operation condition,
even in the presence of load or input voltage disturbances. Furthermore, the system
dynamics should be immune to feedback signal reading noise or another external control

disturbances.

2. Requirement 2: The dynamic response of Vpc i should not have excessive overshoot.
The desired dynamic should be damped and smooth, with an overdamped characteristic.
In this sense, the adopted phase margin is defined at PM =70 °. Considering that the
regulation of V¢ inx employs a control bandwidth up to 10 Hz with a phase margin of
70° (MARAFAO, 2004) the adopted cut-off frequency for the closed-loop control system
is fp,=5 Hz.

3. Requirement 3: The steady-state error (e,;) must be negligible for step control reference

input.

With the control requirements defined for the QSY inverter DC link voltage regulation,

the design methodology of G, is given in the next section.

4.6 DC link voltage controller design

In this section, the control design methodology of G ;i is performed at the frequency
domain, and therefore it will be indicated in the following paragraphs as G .« (s). The design

methodology and the assumptions made are listed below:

* Step 1: Gathering of all the necessary transfer functions: Table [4.2] summarizes the

necessary transfer functions that are necessary to design G._;;,x(s), and were explained

Vei(s)
Dst (S)

using the parameters presented in Tables [2.2]and [3.3]

in the previous sections. It should be noted that G is herein numerically presented

e Step 2: Open loop gain Tpc(s) analysis: The control loop design is made, analyzing the
open-loop gain transfer-function 7 (s), defined by (4.42). It can be noticed from Table
and (4.42), that Tpc(s) is a high-order system, that is, the magnitude of the transfer-
function denominator polynomial is greater than 2. To successfully apply the classical
linear frequency response control design strategies, it is desirable that an equivalent system
with an order equal to 1 or 2 should be obtained (BISHOP, [2011)). Table shows the
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Table 4.2 — Variables required for the controller design.

Variable value
Vei(s) —1-1055%*—3.818:10853+9.699-101252—1.98-1016 54+6.981-102°
Dst(s) $9+1.764-1045%49.311-107 s34+6.559-1011s2+1.086-1015 5+3.94-1017
1— —S5 _
103
SPW M(s) T
+ 144-103
1
HADC S S ——
() 1+33-106s
fsts fows PM 36 kHz, 5 Hz, 70 °

poles of the uncompensated open-loop gain 7, pc(s), in which is possible to observe that
the dominant real pole is given by -508.8043. Thus a first-order approximated system
Tupca(s) is defined as with a gain adjustment such that the steady-state step response
of the approximate system matches 7, pc(s). Figure 4.7| shows the frequency response of
Tupc(s) and T, pca(s). It can be seen that there is a good match between T, pc(s) and
Tupca(s) for frequencies below 10 Hz, which is where fi,, is located. Hence the controller
design will be made considering 7}, pcq(s).

V.
Too(s) = Goosine(s) - SPWM(s) - GD“Ej; Hapo(s) (4.42)
st
9.10°
Tupca(s) = 50003 (4.43)

Table 4.3 — Poles of T,,pc(s).

Poles of T, pc(s)

—508.8043
—851.0862 + j6.0589 - 103
—1482.7
—13950.9
—-30303
—144000

* Step 3: Controller definition and design: Evaluating the poles of T}, pc,($) is possible to
notice that the uncompensated system does not have a pole at the origin, which means that
the system is type 0, with non-zero steady-state error for a step input. Hence, to increase
the system to type 1 and comply with control requirement 3, an integrator must be added
to T, pcq at the controller term, to achieve zero steady-state error for step reference input.
Moreover, to add the desired dynamics ( fy,,=5Hz and PM=70 °) a zero must be added to
modify T'hc(s) phase margin at fi,,. In Figure |4.7|it is possible to observe that the phase
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Figure 4.7 — Uncompensated open-loop gain T, pc(s) and approximate transfer function
Tupca(s) comparison.

of Typca at S Hz is -3.533 ° with a magnitude of G,4.=1765.5. To obtain PM=70 ° a
phase addition of -106.467 ° is necessary. Nonetheless, the integrator term alone adds -90
°. Hence, a phase-lag compensator is designed to add the remaining ®,,,=-16.467 ° phase
at f,,,=5 Hz. However, considering the phase error between T,,pc(s) and T, pcq(s) at 5
Hz, the phase-lag should add ®,,=-14.867 ° . The final controller formulation is given

by @.48)), and z4., pa. and K 4. are calculated by (@.43)-(@.47), where oy, is defined by
(4.44) and is calculated in terms of ®,,,.

sin®,, +1  sin(—14.867°) + 1

c = = = 0.592 4.44

e = T sin®,, 1 sin(—14.867°) (444)

P = 27 fouwn/Gae = 31.416V/0.502 = 24.172 (4.45)
Pae 24172

L= L _ = 40.831 4.46

e e 0.592 (4.46)

K

g

2 fow)? + D2 27 fou 1.4162 + 24.1722 31.416
o= \/( ™ fou)” + e 27 fo :\/3 0%+ 3 —13.69- 1073 (4.47)

(27 fow)? + 23, Guac 31.4162 + 40.8312 1765.5

Kge (s + ch> ~ 13.69- 1073 (s + 40.831)

4.48
S S+ Paec s s+24.172 ( )

Gc—link(s) -

* Step 4: Evaluation of controller performance: With the controller designed it is necessary
to evaluate the closed-loop control system performance, particularly if the control
requirements are met. Figure shows the compensated open-loop gain Tpc(s). It is
possible to see that the project requirements f;,, and PM are satisfied, with minimum
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deviation from the design objective. Now, regarding the dynamic response, a simulation at
PSIM is performed considering the designed controller, in the following scenarios: a)
Input voltage variation; b) Load variation; ¢) Feedback noise at readings of Vi (t). The
obtained results are shown in Figure 4.8b] It can be clearly seen that the closed-loop
control system is robust against input, load, and Vi (¢) feedback measurement noise
disturbances, which means that the controller maintains Vpcini at the desired control
reference even when in the presence of external disturbances, which satisfies all the
control objectives. Moreover, an overshoot of 8% was measured when an input voltage
disturbance of +10% occurred, and an undershoot of -6% was measured when a load step
disturbance of -33% occurred, which is considered to be a smooth variation when
compared to the reference value of 600 V. Furthermore, after input voltage and load
disturbances, the settling time, considering a 2% criteria (BISHOP, 2011), was measured
as 45 ms and 46 ms, respectively, which is the result of the relatively low control
bandwidth (10 Hz) and relatively high phase-margin (70 °), but still acceptable. Finally, a
negligible steady-state error was measured in steady-state, which attends the control

design requirement 3.

» Step 5: Controller discretization: Lastly, to obtain the digital controller formulation, a
discretization method should be adopted, in which the s variable in the controller transfer
function (4.48) is replaced by one of the possibilities shown in Table 4.4} The selection
of one of the different discretization types is conditioned to the insertion of additional
dynamic characteristics which may affect the controller performance and must be analyzed
prior to being implemented at the DSC. In this case, the Tustin method is selected since
it presented the most satisfactory results according to the author experience. Finally,
considering the digital implementation it is convenient to represent the controller as a
difference equation as can be seen in (4.50), in which the b, and a, factors for G._j;(s)
are defined in Table

Table 4.4 — Discretization methods and alternative ways for s substitution.

Discretization method Substitution for s

1—271
Backward Euler s = T

Forward Eul 1o
orward Euler § = ——
Toz—1 .

21—z

Tusti = —

ustin s T 17

(z+1)(z—0.9977)

G(z) = 3.8045- 107"
(2) (z — 1)(z — 0.9987)

(4.49)

G(z) = = box(k) + ... + byx(k — n) — ay(k) — ... — a,y(k — n) (4.50)
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Bode Diagram
Gm = 35.1 dB (at 115 Hz) , Pm = 70.1 deg (at 5.01 Hz)
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Figure 4.8 — Controller performance: a) Uncompensated and compensated open-loop gain
Tpc(s) comparison; b) Simulated dynamic response when with input (a), load(b)
and noise at Vi (t) (c) disturbances.

Table 4.5 — Digital controller version of G._j;,x(s) digital coefficients b, and a..

bz Q

bo=380.453633264111-107° ap=1
b1=862.039106763746-10~'2 a1=-1.99865801218138
by=-379.591594268369-107°  1,=998.658012181376-10~3
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4.7 Summary

In this chapter, it was shown how to design the DC link voltage control loop for the
QSY inverter. Beginning with the voltage regulation closed-loop control system block diagram,
all the transfer functions required to design the controller G._;;,x(z) were defined. Moreover,

the small-signal analysis of the QSY inverter was carried out such that the G V—g transfer

c1(s
1)5:(5
function is derived. Finally, the control goals and dynamic specifications were established, and

the G._j;nk(2) controller design was demonstrated through detailed steps.

To validate the obtained controller, several simulations were conducted using PSIM,
evaluating the performance of the controller against input voltage and load variations and V4 (¢)
feedback reading with external disturbances. The obtained simulation results demonstrate the
effectiveness of the designed controller to regulate Ve jing. With the DC link controller designed,

in the next chapter, the inverter output current controller methodology is presented.
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5 Inverter current control

With the DC link controller designed, it is necessary to define the inverter AC current
controller. Before the controller definition and design, the inverter topology, low-pass passive
filter, and PLL strategy must be selected. All these aspects are covered in this chapter. The three-
phase DC-AC converter (inverter) used in this work is shown in Figure and is comprised of
six IGBTs, with three-legs individually controlled by a sinusoidal carrier-based PWM control
with the Simple Boost modification (SBC-SPWM), as described in Section 4.4} The S-S
terminals represent the gate control terminals of each IGBT. The SBC-SPWM driver block

diagram is shown in Figure

It can be seen that the gate signals .S and S; have an OR logic scheme to integrate the
shoot-through pulses s;. This means that the shoot-through only occurs in the first inverter leg,
with the rest operating only with control signals generated by the direct comparison between
triangular wave with f, frequency and M, M, and M, sinusoidal carriers. The two triangular
wave carriers, with frequencies fs and f;, are shown in Figure such that one is responsible
for the shoot-through pulses generation and the other for the inverter AC output current,
respectively. Besides the frequencies, both triangular carriers have different phase displacements,
such that shoot-through pulses occur only in the null state, as required by the Simple Boost

control approach.

To attend to the project inverter’s current THD requirement, a proper low-pass passive
filter should be used. Among the possible solutions, the L, LC, and LCL passive filters are the
most common options found in the literature. In this chapter, the LC filter is selected, since it
presents an interesting compromise between high-frequency current components damping and

design complexity.

5.1 LC filter design

At the inverter output there is a passive low-pass filter comprised of an LC arrangement.
The design of the LC filter adopted in this work is based on the methodology developed by
(SILVA; POMfLIO; VENDRUSCULO, 2010). The parameters listed in Table present a
summary of the main requirements for the LC filter design. Since the processed power is 3
kVA, adopting a safety factor value of 25%, it is possible to consider an effective power design
parameter of 3.75 kVA. To minimize the presence of harmonic components in the phase current,
and at the same time avoid the utilization of bulky inductors, a ripple factor of 5% was adopted.
The inductor series resistance is stipulated as 15% the value of the filter inductive reactance at
60 Hz. The resonance frequency of the filter is based on the inverter switching frequency, such

that a sufficient bandwidth for the synthetization of harmonic currents is possible. Hence, the
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Figure 5.1 — The DC-AC conversion part of the QSY-inverter: a) DC-AC converter configuration
for the QSY inverter; b) Block diagram of the SPWM-SBC.

resonance frequency is defined as {—8:1.8 kHz. With the values listed in Table , the values
of rrs123, L1235 and Cy 23 were obtained through the expressions given in Table The
frequency response of the LC filter is shown in Figure ﬂ With the inverter passive filter
properly designed, is now possible to derive the inverter current to control transfer function

G %f ((ss)) , which is used during the current controller design.

52 @ % definition

As the inverter output filter capacitors C'y; o 3 behaves as a high impedance path for the

current bandwidth synthesized by the inverter (f¢c to {—6) the equivalent inverter model when
1

Particularly for off-grid applications, the utilization of a damping strategy may be desired to alleviate the high
gain at resonance frequency.
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Table 5.1 — LC filter design parameters. Table 5.2 — LC filter design expressions.
Parameter Value Element Expression Value
Total power Ajpny—mae 3.75kVA I Vbe tink 6 mH
Current ripple factor 1, ippic 5% 123 8 fsLo—mazLo—ripple m
Equivalent series resistance (percentage 15% 1
of reactance at 60 Hz) Cri23 W 1 puF
Switching frequency 18 kHz (27 fres)* L1
Resonance frequency f;, 1.8 kHz rrpi2s (15%)27 facLips 339 m§)
Grid phase rms voltage Vg, iq—rms 127V
Fundamental frequency fac 60 Hz I ) Ainy—maz 13.92 A
DC link value 600 V o 3V 2V ridrms

Bode Diagram
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Figure 5.2 — Designed passive low-pass LC filter frequency response.

connected to the grid, is shown in Figure It can be seen that current 7, 7, which is integrated
into the main grid, can be given by the expression (5.1), where 7 ; and r, are the filter inductance
ESR and grid resistance, respectively and M (s) is the AC control signal command. Figure
shows the behavior of i for different values of M (s). For M(s) < M,,,, the energy flux
comes from the grid back to the inverter, which means that the converter is operating in the
rectifier mode, which is not desired in the proposed application. However, when M (s) > M,
the energy flux goes from the inverter to the grid, which is the inverter operating mode required

for the QSY converter.

Therefore, keeping the inverter functioning in the linear operating region, the working
range of M (s) is defined as M,,;, < M(s) < M,qz, Where M, is the maximum allowable
M such that no interference with shoot-through conduction arises. The definition of M, is

directly related to the amount of Dy, required to regulate Vpeink, and regarding the project
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Figure 5.3 — QSY inverter operation mode when grid-connected: a) Per-phase equivalent circuit
model; b) Operating regions.

parameters shown in Table M 4z 1s defined as (5.4), where Dy, is the effective Dy
used to regulate the Vpeink, which may be slightly higher than D =0.1944 due to converter
losses. Hence, a linear relationship between ir,; and M(s) can be derived as (5.2) when this
range of M (s) is respected. Furthermore, the value of M,y,;, is defined when iy, ;(s)=0, hence it

is described by (5.3), where V,;,_iq is the peak value of V, 4.

~ V mn 1 Vm'
inp(s) = M(s)-2Etmk - gria(5) (5.1)
2 rpptrg+sLy  rpptrg+shy
~ ) 1
GZLf(S) _ Ve iink (5.2)
M(s) 2 rpptrg+sLhy
2Vok—grid
M, i = Z pr—gria (5.3)
Vbe tink
Mmaz =1- Dstfctrl (54)

It is required that the inverter injected current must be in phase with grid voltages, to
allow a unity power factor operation when only active power is delivered to the grid. Furthermore,
having a sinusoidal current reference, in phase with grid voltages, with an amplitude given by
M in, 1t is possible to use this signal as a feed-forward control command to minimize the control
effort of the inverter currents controllers ﬂ To attain these objectives, a PLL controller is needed,

which is the next treated topic.

5.3 PLL design

The PLL algorithm is used to generate a sine-wave reference signal that is in phase
with the grid voltage. The algorithm used in this work is based on (PADUA; DECKMANN;
MARAFAO, 2005) and its block diagram is shown in Figure The main idea of this strategy

is to synthesize three sinusoidal variables u,  , up, , u., Which are orthogonal to the measured

2 Ttis considered in this case that the phase voltages are symmetrical, equally displaced in 120° from each other.
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grid voltage signals v,, vy, v, in steady state. Due to the orthogonality principle, the product of
the synthesized variables and the measured voltage signals should be zero in the steady state
(that is d,=0). The instantaneous angular argument 6 used to obtain u, , up, , U, is obtained by
the integration of the PI regulator, defined by Aw, added to the nominal grid angular frequency
wy. The Aw variable is obtained by the PI regulator control action, which tends to converge the
mean cross product d_p, present at the output of the mean average filter zg % to zero, which
results in the correct determination of angular frequency w. Lastly, this algorithm also presents
satisfactory results for sinusoidal signals with harmonic content, and if an adaptative mean
average filter is implemented, the presented scheme can be used for variable frequency signals.
In this work, however, it is assumed that the grid frequency is kept constant, which does not

require an adaptative mean average filter.

PI o .
dp*=0 anerror K+sK. Aw é o |l ] /— 0
% .
T
Ly
0 Ugy in(6)
I Sin 0

1 vey Ubs N sin6-120°)
1 Ucs Nsin@+120)

Vg Vb Ve

Figure 5.4 — PLL algorithm block diagram.

According to (PADUA; DECKMANN:; MARAFAO!, 2005), the PI regulator design
can be implemented through (5.5)-(5.6)), in which wy,, is the cut-off frequency of compensated
open-loop transfer function, which should be between 5-10 Hz and ¢ is the damping factor (which
must be between 0 and 1). In this project, wy,=10 Hz and £=1 to avoid excessive overshoot.
Figure [5.5] shows the obtained waveforms after the implementation of the PLL algorithm, in
which PLL,,_,(t) and V,(t) are the reference signal synthesized by the PLL and the phase
A voltage, respectively. The variable wpy;, and w,.s represent the instantaneous and reference
values for the grid angular frequency. As can be observed, the digital PLL can satisfactorily track

the established reference signals.

Kp = 2twyw = 125.66 (5.5)
K; = wiw = 3947.8 (5.6)
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Figure 5.5 — PLL performance.

5.4 Inverter current controller design

The same methodology used to design the Vpe ;i controller is adopted to design the
inverter current controller G,,,(z). Hence, the design process begins with the control

requirements, listed below:

1. Requirement I: The inverter current injection should have satisfactory disturbance rejection
capability, for perturbations at the inverter input, load, and current signals reading noise.
In this sense, the cut-off frequency for the closed-loop compensated system is defined at
fow—ac = % or 1.8 kHz (TEODORESCU et al., 2006).

2. Requirement 2: The current reference tracking should have fast dynamics with minimum
overshoot and lower settling times, close to the deadbeat response, for the following current
reference harmonic components: a) h;=60 Hz; b) h3=180; c)h;=300 Hz; d)h,=420 Hz;
e)hy=540 Hz; f) h1;=660 Hz and g) h;3=780 Hz.

3. Requirement 3: For active power injection, the injected current must be in phase with grid

voltage, with unity power factor.

The control design is performed at the frequency domain, and the equivalent system
block diagram is shown in Figure[5.6] The current controller is first designed in the s domain and
afterward, it is discretized to the z domain, as in the case of G'¢_jink($). The design methodology

is briefly presented in the following steps:

* Step 1: Gathering of all the necessary transfer functions: Table [5.3] summarizes the

irs(s)
M{(s)

define the line impedance r,,. Considering that the QSY inverter is located 50 meters away

necessary transfer functions to design G;,,(s). To determine G it is necessary to
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Figure 5.6 — Inverter per-phase current control loop block diagram.

from PCC, and it is connected with a 2.5 mm? cable with a resistivity of 17.241 QkLWTL”Q the
equivalent line resistance is defined as 7,=0.345 (2, according to (SANTOS, [2005).

Table 5.3 — Variables required for the inverter current control design.

Variable Value
G 300
M(s) 0.684+s-6-103
1— —s
SPW M(s) 12
1 + 72-103
Hape(s) !
S _—
APC 1+33-10-5s

fss fow—ac 18 kHz, 1.8 kHz

» Step 2: Design of Proportional-resonant controller: In many DC-AC applications, the
utilization of proportional-resonant (PRes) controllers are found, due to its inherent
simplicity and flexibility to tune specific resonant frequencies. The formulation of the
PRes controller is given by (5.7)), where h stands for the syntonized harmonic orders, w,
is the fundamental grid angular frequency, /(;;, is the resonant gain for each harmonic
frequency and Kp; is the proportional gain. The K 'p; factor is calculated such that the
desired phase and gain margins are achieved (AYAD et al., [2016)). To design the PRes
controller, it is necessary to know the inverter current-control open-loop gain 7y (s),
calculated as (5.8)). Using the values shown in Table the first step is to calculate K p;,
given by (5.9), where wy,ry,, is the cut-off frequency of the anti-alias H 4pc(s) low-pass
filter. The objective of calculating K p; is to set 77y (s) bandwidth to w,; = 271{—5. With
Kp; calculated, the resonant gain K, is calculated by (5.10), where ’;;“Tf represents the
desired transient response in relation to the fundamental frequency, whose range varies
from 0-1 (BUSO; MATTAVELLI, 20135) and here arbitrarily defined as 0.9. Now, each
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Bode Diagram
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Figure 5.7 — Uncompensated and compensated open-loop gain 77y (s) comparison.

resonant term is calculated according to (5.7). The bode plots of the uncompensated and
compensated inverter current-control open-loop gains, Tinv,(s) and Tinve(s),
respectively, are shown in Figure It can be seen that 7y (s) bandwidth is defined at
1830 Hz, which is slightly higher than 1800 Hz. This difference occurs due to the addition
of the resonant terms but is still tolerable, considering that w,; can vary from up to 27?%
(TEODORESCU et al., [2006). A high gain is noticeable for the following harmonics hq,
hs, hs, hy, hg, hi1 and hy3 (> 100 dB), which allows fast-reference tracking capability.
The relatively low phase margin of 40.7° would present a ringing response with a
non-desirable overshoot. To compensate for this problem, as can be seen in Figure[5.6] a
feed-forward modulation sinusoidal reference with an amplitude of M,,,;,=0.6 is summed
with the resonant controller output, since this value is the minimum required to maintain

inverter current injection to the grid, as can be seen in[5.3b]

Ky,

2Kih5
(s) = Kpi+ h:%% pER (5.7)
ins(s
Tyny () = Gino(s) - SPWM(s) - G ]fj((s)) - Hape(s) (5.8)
2
2/ (roy 4719 + (Waly)?y 1+ (wf;w 2,/0.6842 + (27 - 1800 - 0.006)24/ 1 + (1800)?
Kp; = = S —0.24145
Vb tink 600
(5.9
2.2 Kp;- 2.2.0.241 -
K = pitfac 22024160 4 ) (5.10)

Noh N 0.9

» Step 3: Evaluation of controller performance: With the PRes controller designed, an

evaluation of its performance is needed, regarding compliance with the control
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Figure 5.8 — PRes controller performance under external disturbances: a)DC link voltage
variation; b) Load current increase; ¢) Current measurement high-frequency noise;
d) Reference tracking change (active to non-active current injection).

requirements. Figure[5.§] shows the current reference capability of the designed controller
under the different external disturbances. It is considered in the simulation system a
standard VSI inverter, with constant DC link voltage, and resistive and inductive linear
and non-linear loads (three-phase diode bridge rectifier) connected to the PCC bus. The
purpose of this simulation is to evaluate the performance of the PRes controller, and in the
next sections, the integration with other controllers is made. The shown results indicate
only phase A, for simplicity, since phases B and C present the same behavior. It can be
seen that the controller has satisfactory disturbance rejection capability, for input (Figure
[5.84)), load (Figure [5.8b)), and current measurement high-frequency noise (Figure [5.8¢)),
keeping the reference tracking capability even in the presence of external perturbations,
satisfying control requirement 1. In Figure [5.8d| it can be seen that before 0.8 s, the
injected current (active current injection) is in phase with grid voltage Vj,;q—,, with unity
power factor, satisfying control requirement 3. After 0.8 s, load non-active current
components are injected with satisfactory current reference tracking, satisfying control

requirement 2.

» Step 4: Controller discretization: Lastly, the digital controller formulation is obtained
using the bilinear transform, according to Table The G, (2) controller is divided
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Table 5.4 — Digital coefficients of the PRes transfer functions.

Transfer function agy ay as by by
Press1(2) 241.446545245404-107° 70.8243199386519 34.3149391523788-10° 0 142.122303375687-10°
Press3(2) 1.96540244605492-107%  444.089209850063-1071%  -1.96540244605548-10~3  -1.99605605076144 1
Presss(2) 1.96196338649746-10~3 0 -1.96196338649757-10~%  -1.98906375522367 1
Press7(2) 1.95682730432511-103 0 -1.95682730432511-107%  -1.97862107348003 1
Presso(2) 1.95002087933049-10~3  222.044604925031-107'%  -1.95002087933072-10~%  -1.96478225088260 1
Press11(2) 1.94157914510540-10~3 0 -1.94157914510529-10~%  -1.94761851772599 1
Press13(2) 1.93154504337467-107%  222.044604925031-1071%  -1.93154504337456-10~3 -1.92721718312131 1

into seven z domain transfer functions, each one being a second-order function, namely

2K1h5
s24w?2?

Pressy(z)-Pressz(z). The P,.ss1(2) corresponds to the discretization of K,; +
and the remaining transfer functions are related to the discretization of the third to eleventh
harmonic terms, respectively. This procedure was done to avoid instability due to the
discretization of the ideal PRes formulation. Hence, the ag, a1, as and by, by, by coefficients

of each transfer function are given in Table[5.4]

5.5 Summary

In this chapter the inverter current controller was designed. To obtain the required transfer
functions, the inverter low-pass output filter was defined and a PLL strategy was selected and
explained. The inverter current to control transfer function was obtained and the permissible
operating region as inverter was defined, based on the minimum and maximum values allowable

to the modulation index M.

With all the transfer functions properly established, the design methodology of G, (z)
was derived, and the controller performance is evaluated in terms of robustness against DC link,
load current, and feed-back signal noise disturbances, including current reference modification.
The simulated results confirmed the validity of the control methodology, with satisfactory results.
With the DC link and inverter current controller designed, the methodology adopted to determine
the MPPT controller is discussed in the next chapter.
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6 MPPT control

With the DC link and inverter current controllers already defined, it is now necessary to
define the MPPT control, which is responsible to extract the maximum power available from the
PV panel. In this sense, the solar panel parameters and a proper design methodology must be
established considering the specific characteristics of the QSY inverter, which is the scope of the

present chapter.

6.1 Solar PV panel model

There are many PV models available in the literature and the one adopted in this work
is based on the circuital method (VEERACHARY; KHAS, 2006)), as it can be easily applied
in a circuit simulation environment. Since the focus of this work does not intend to propose a
model design methodology for the PV panel, a standard PV block available at PSIM is used to
model the PV characteristics. In this work, the PSIM block used to represent the solar PV panel
is based on the functional model, in which the solar PV panel is modeled by four parameters: a)
Maximum power voltage V,,,, defined as 250 V; b) Maximum power current /,,, = 12 A, such
that the maximum power available is 3 kW; c¢) Open-circuit voltage V. defined as 20% higher
than V,,, (V,.=300 V); iv) Short-circuit current /., defined as 8% higher than 7,,, (I;.=13 A). As
can be seen in Figure @, the maximum power occurs at 250 V and 12 A, such that 3 kW is
obtained, which matches the specified parameters and is sufficient for the conduction of further

simulations.

PV power (W) PV current (A) PV voltage (V)

14
300 3k
12
2502.5k

10
200 2k

150 1.5k

100 1k

‘MPP operation

50 500

0 50m 0.1 0.15 i 02 0.25
Time (s)

Figure 6.1 — Performance of equivalent 3 kW PV arrangement.
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6.2 MPPT strategy with QSY inverter

In this work the Perturb and Observe (PO) method is adopted as an MPPT strategy. The
PO method operates by increasing or decreasing the PV array’s output terminal voltage based on
comparing the instantaneous and previously calculated power. If the voltage varies and the power
increases, the control system changes the operating point in that direction; otherwise, it changes
the operation point in the opposite direction. Once the direction for the change of voltage is
known, the voltage is varied at a constant rate. This rate is a parameter that should be adjusted to
allow the balance between faster response and less fluctuation in the steady state (BRITO et al.,
2012)). Figure[6.2] shows the flowchart of the PO MPPT method.

[ Measure V,, (k), 1,, (k) ]
v

Calculate
P, (k)=V, (k) I,k

P> P, (k1) ?

yes no ves no

Increase Decrease Decrease Increase
va-ref va—ref va—ref va-ref

Figure 6.2 — PO MPPT method flowchart.

Figure [6.3|shows the block diagram of the MPPT closed-loop control system. Through
the measurement of PV panel’s current /,,, and voltage V,,, the MPPT PO determines the PV
panel voltage reference V7 (k) which is compared to the instantaneous reading of V,, (k). Based
on the error between these readings, the MPPT controller G,,,,:(2) determines the amplitude
of the inverter output current I,,,,:—r¢(k). It is worth mentioning that during the practical
implementation the voltage reference V; (k) is subtracted from V,,, since the input voltage
increases as the inverter output current decreases, and vice-versa. The value of 1,,,,pt—ref (k) is
then multiplied by the sine wave generated by the PLL algorithm, such that the reference current
I4c—rep(k) of the inverter is in phase with grid voltage V,;4(t). The inverter current reference
is then compared with the instantaneous measurement of the inverter current /;,,, (k) and the
inverter current controller G, (z) determines a modulation index M for the inverter, such that

inverter current follows the reference.

However, since the MPPT controller bandwidth is lower than the inverter current

controller, there is a dynamic decoupling between these two control loops. In this sense, the
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Figure 6.3 — Block diagram used to design G ,ppt(2).

inverter current control closed-loop system is represented by C' LT Fj;,,,(s). As in the case of the
DC link voltage control, the goal is that the MPPT closed-loop system remains immune to most
external disturbances, which is achieved by the design of G,,,,:(z). Before the controller design,
it is necessary to define the required transfer function in the s domain, since the control design
will be made on the s domain with a further discretization to the z domain, as done in the

previous chapters.

6.3 MPPT controller design considerations

To implement the MPPT algorithm, shown in Figure [6.2] three control options are
available for the QSY inverter: a) The control of the input current [;;,(t), since the QSY inverter
has a continuous current input nature; b) The control of the DC link voltage Vpc jink, using the
control scheme presented in Chapter 4; c) The control of the modulation index M, such that the
inverter current is controlled to extract the maximum power. In the first two options, the QSY
network will be controlled to extract the maximum power from PV arrays, while the inverter

bridge is controlled to inject current into the grid and maintain the DC link voltage at the desired
level.

The first two control schemes are similar to the conventional control strategies for most
PV inverters found in the literature. In the third option, however, the QSY network is controlled to
regulate the DC link voltage while the inverter is commanded to extract the maximum power from
PV arrays. In this work, the third option will be used, since the control of both I, or Ve ink
variables depends on the regulation of Dy, which is challenging due to the non-minimum phase
characteristics of the converter and restricted control bandwidth. However, the regulation of
Ve iink 18 €asier to attain, while the inverter current control has faster dynamics, as shown in the
previous chapter. That is why the MPPT tracking is more conveniently obtained with the third
strategy, considering the inherent characteristics of the QSY inverter.

To design G,,,pi(2), the block diagram shown in Figure is used, where: a)

CLTF;,,(s) is the closed-loop transfer function of the inverter current control loop; b) G IV#C(‘;)
Vpy (s) -

V’; ‘1/((3) is the input voltage, in this
case, the PV array voltage Vpy to Vi transfer function. The C' LT F,,,(s) transfer function is

is the V¢ to inverter current /;,,,(s) transfer function; ¢) G
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straightforwardly obtained by (6.1]), by inspecting Figure The GV‘;’: é) is also promptly

obtained considering that when Vpeyii 1S regulated at the desired value, the relationship

between Vo and Vpy is given by (6.2). With these two transfer functions obtained, the

discussion can be forwarded to the calculation of G %
Tinv(s)
CLTF;,,(s) = 6.1)
( ) HADC(S)(l +T1N\/<8))
1
aVrvl(s) _ (6.2)

Ve (s) B(1— Dg)
6.4 Determination of G‘?C—ﬁ

Through the power conservation principle and neglecting power losses, one can write

(6.3), where Vpy and I, are the average value of PV array voltage and QSY network input

current, respectively, and Vpe ik and Ipeing are the average values of voltage and current at
the DC link, respectively. Since Vpe = BVpy (1 — Dg), (6.3) can be further developed such
that (6.4)) is obtained.

Vev - ILin = Vbciink - IDC tink (6.3)

ILin
B(1 - Dg)

Ipciink = (6.4)

Now, evaluating the inverter side, one can write (6.5) using the power conservation
principle, again not considering power losses, where Vj;_,....s and [;,,,,_.ms are the inverter line-
to-line voltage and phase current rms values, respectively. Moreover, PF' is the power factor
observed at the inverter output. Considering that the inverter is only injecting active power
into the grid, the PF' value is 1, as demonstrated in Figure Now, Vj;_,ms can be written as
(6.6) and V¢ yink can be described as (6.7). Now, with the Simple Boost Control modulation,
the linear modulation index M is defined as M = 1 — Dy, as shown in Table Therefore,
substituting (6.6 and in (6.5]) one obtain (6.8)), which represents the relationship between
the DC link and AC phase rms current.

VDCZink : IDClink = \/g : ‘/llfrms : Iinvfrms - PF (65)
M mn
Vi—rms = Vbot k\/g (66)
2v/2
VDClink
R T
Ve tink D, (6.7)

3Iim)frms
Ipciiny = ——— 6.8
DC link N (6.3)
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Yet, considering a low ripple content at the input current, it can be stated that I, ~
ILin—rms- Moreover, o1 _ms can be ideally described as /1, ms(d — 1) and I1;, can be written
as (6.9). Hence, substituting (6.9)) in (6.4)), and the resulting expression in (6.8]), one can obtain
(6.10). Applying Laplace transform in (6.10) and manipulating the terms, one obtain the G %

transfer function, given by (6.11).

o IC’lrms
]Clrms 3]inv—7’m8
= 6.10
B(5 —1)(1 — Dy) 2V/2 @10
GVVC1(S) _3(6-1)(1—-Dy)B (6.11)

Iz'nv(s) B 2\/5015

With all the transfer functions obtained, it is now possible to determine the design
methodology of the MPPT controller Gt (2)

6.5 Design of G,,;,:(2)

Using the same controller design methodology adopted for DC link and inverter current

control, the requirements for the MPPT controller are given below:

1. Requirement I: The controller dynamics must allow a low overshoot (< 10 %) with a
settling time lower than five grid frequency cycles (< 80 ms), such that a smooth MPP

tracking is obtained.

2. Requirement 2: The Gt (%) controller bandwidth should be lower than Gy, (s), to allow
controller dynamics decoupling. In this sense, the G,,,,(2) bandwidth should be lower

fs
than 100—180 Hz.

3. Requirement 3: Since the dynamics of solar PV panel reference voltage definition, as the
MPPT PO algorithm is executed, is similar to a ramp, it is desired that the steady-state

error for ramp control reference input should be null.

The controller design is again performed at the frequency domain, using the system block

diagram shown in Figure[6.3] The design methodology is briefly presented in the following steps:

* Step 1: Gathering of all the necessary transfer functions: Table[6.1| presents the necessary
transfer functions, given numerically. It is worth mentioning that, due to the dynamic

decoupling, C'LT F;,,(s) is seen by the closed-loop control as a constant value of 0.99.
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Table 6.1 — Variables required for the MPPT controller design.

Variable Value
CLTF;,,(s) 0.99
Wwei(s) 11.6
finv (s) 758 - 1065
Vev(s) -3
G% 517.2128 - 10
Hapols) !
S _—
ADC 1+33-10°6
fbw—mppt < 180 Hz

* Step 2: Open-loop gain T,,,,:(s) analysis: The open-loop gain transfer function for the
MPPT controller design T},,,:(s) is defined as (6.12). For the uncompensated case,
Gmppt ($)=1, and the bode-plot for this condition is shown in Figure given by the trace
Tonppt—u(s). It can be seen that the system bandwidth is higher than desired (f;,=1.25
kHz) and the uncompensated 7,,,,,,+(s) is a type 1 system, with non-zero error for ramp
input. In this sense, the adoption of G,,,;,,+(2) as a PI controller, such that the compensated

system overshoot value if lower than 10% is a solution for this control problem.

Vier(s) Wer 5.94
T, =G, -CLTF;,, . . = 6.12
prt() = Grmpp(5) - © (s)- G Tino(5) Glmv(s) 7581005 12

o Step 3: Gppt(s) design: The design of G, (2) is made using MATLAB Control System
Designer utility. Using the PID Tunning method, and choosing the frequency domain
design method, with f,,,=90 Hz and phase-margin of 90°, the G,,,,,+(2) controller is derived
with a formulation given by (6.13). The bode-plot for the compensated system is shown
in Figure looking at the T5,,,,,1—(s) trace, and it can be seen that f;,,, ~90 Hz with a

phase-margin close to 90 °, which is acceptable considering the control requirements.

1+0.1
Grppi(s) = 0.71422- 705 (6.13)

s
o Step 4: Gppi(s) performance evaluation: Figure shows the simulation results obtained
with the implementation of the G, (s) controller designed in Step 3. This simulation
case represents the conventional operation of a PV inverter, that is, only active power
is delivered to the grid. At first, the QSY inverter is initialized without the DC link and

inverter current control loops, with a three-phase resistive load of 70 {2 connected at its

output. At this moment, the QSY inverter is not connected to the grid, and the purpose
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Bode Diagram
Gm =-Inf dB (at 0 Hz) , Pm = 87.9 deg (at 89.1 Hz)
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Figure 6.5 — MPPT controller simulation results.

of adopting the resistive load is to properly initialize the DC link and inverter current

controllers before the inverter grid connection, besides allowing continuous conduction

mode at the converter inputﬂ The DC link control loop is initialized at 0.05s, with a voltage

reference increasing with ramp dynamics. Once the DC link is regulated at 600 V, then the

This initialization procedure is adopted for the cases analyzed in current chapter and chapter 7. It is beyond the

scope of this work to evaluate different scenarios, such as those where the initialization occurs under different

irradiation levels.



Chapter 6. MPPT control 79

inverter output current controller is started at 0.6 s, and the inverter is connected to the grid.
At this same time, the resistive load is disconnected from the inverter output, and the MPPT
controller loop is initialized, such that the current reference for the inverter output current
is gradually increased, to extract more power from the PV array. Before 0.6 s, the MPPT
current reference tracking is not enabled, which is why /7y 4 s not following Iy .. 4
before 0.6 s. It can be seen that the PV instantaneous power reaches the maximum power
available for the PV at 1.5 s approximately. This is achieved through the regulation of
inverter output current /;,,, which is gradually increased when following its reference
current [}, ;- As the PV array output power increases, the solar PV panel voltage Vpy
slowly decreases, following the MPPT PO reference voltage V... ,. Moreover, the DC
link voltage remains regulated and tracks V) ;,.,. along the entire process. The simulation

results show that all the MPPT controller design objectives are satisfactorily met.

* Step 5: Controller discretization: Finally, the digital formulation of G, (s) is obtained
using the bilinear transform (see Table {.4)). Expression (6.14) shows the z domain
expression for the G,,,,.(%), with digital coefficients given by by=71.4418394444445
1073, b;=-71.4021605555556 1073, ap=1; a;=-1, respectively.

0.07144z — 0.0714
Grppt (2) = S 1

(6.14)

6.6 Summary

In this chapter the MPPT controller design methodology was presented. The solar PV
panel specifications and model approach, using PSIM, were specified. The justification for the
MPPT strategy using the QSY inverter was presented, such that the MPPT was executed by
the inverter, and the QSY network is controlled to regulate the DC link at the desired value.
The required transfer functions for the MPPT controller were found and a methodology for the

controller design, including dynamics requirements definitions was given.

The obtained simulation results confirmed the validity of the proposed control approach.
In the next chapter, a simulation case is carried out, with all the designed control loops of the
previous chapter being executed simultaneously considering the intended application for the
QSY inverter.
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7 Simulation results

In this chapter the multifunctional QSY PV inverter is tested considering the system
depicted in Figure which represents a typical commercial or small-scale industry
environment. As can be seen in Figure connected to the point of common coupling (PCC)
there are reactive, non-linear, and resistive loads. These loads may represent induction machines,
capacitive banks for power-factor compensation, welding machines, and industrial ovens or
heaters, respectively. All load currents are measured at phases A and C, respectively, with phase
B current obtained mathematically. This same procedure to obtain phase B current is done at the

grid and inverter sides.

The PCC line voltages V4 p and V¢ are measured and Vi 4 is obtained mathematically.
The QSY inverter is connected with the PCC when the breaker B; is switched on. All voltages
and current measurements are sent to the digital controller system, which determines the inverter
switching pattern S7 — Sg. All closed-loop control systems analyzed and designed in the previous
sections are shown together and interconnected, with power quality indexes measurement for the

inverter and grid sides, respectively.

Figure[7.1b]also shows the digital control architecture, which employs all the closed-loop
systems designed in the previous chapters, clearly indicating the connections among the different
loops. Furthermore, to allow the realization of ancillary services and enable the multifunctional
operation of the QSY PV inverter, the Conservative Power Theory (CPT) is employed. CPT
theory presents several advantages for ancillary services execution, such as selectivity, flexibility,
and currents reference synthetization without the need to make transfers of coordinates or
implement any algorithms of synchronization, and it has been used for this purpose in several
works in the literature (BRANDAO et al., 2016), (PAREDES et al., [2021)), (ALONSO et al.,
2020).

A CPT-based current decomposition algorithm is represented by the block labeled as
"CPT’ in Figure and it delivers at its output several current references, different power parcel
measurements, and power quality indexes. Due to the CPT selectivity capability, load three-phase
active unbalanced I, ynbai—abc, re€active unbalanced and balanced - given by Irc_ynbai—a,pb.c
and I,c_pgi—ab,c, Tespectively - and void [,,0q—q ., current references are provided by CPT block.
Each current reference can be adjusted by a respective gain factor, which can vary from 0-1, such
that the inverter can partially or totally compensate for a certain current reference component.
In this case, k,,, is used to regulate active unbalanced reference current, k, and k., for reactive
balanced and unbalanced current references, and &, for void current reference. Moreover, to
evaluate the different power parcels measurements values along the system execution, two CPT

blocks are used, which can deliver the readings of the grid (subscript g) and inverter (subscript
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Figure 7.1 — Simulation case system configuration: a) Power system; b) Digital control system.

tnv) sides. In this case, apparent (A4,, A;,,), active (Fy, P,,), reactive (), Qinv), unbalanced
active (Ngg, Nyiny) and reactive (N,4, N;;) - including the total unbalance value (Ny, V;y,,) - and
residual (D, D;y,,) power parcels measurements are available. Finally, the following power
quality indexes, for grid and inverter sides, respectively, are informed by CPT blocks: power
factor \g, Ay, reactivity factor Agg, Aginys asymmetry factor Ang, Aniny and non-linearity factor
ADg> ADiny- Additional details about the CPT definitions can be found in (PAREDES, [2011). The

QSY PV inverter operates with the solar PV panel modeled in section [6.1] at nominal irradiation
conditions with 3 kW power delivery capability.
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The PCC loads configuration is shown in Table Furthermore, the grid voltages are
assumed to be balanced, with each phase having a peak value of 180 V and a frequency of 60
Hz. The line impedance is modeled as a resistance with vale r, = 0.345 2. The QSY PV inverter
parameters are the same as shown in Tables [3.3] 2.2]and [5.1] with the coupled-inductors core’s

leakage inductance represented at the tertiary winding with a value of L;=1.08 p/H.

To suppress the DC link peak voltages, an LCD snubber with L,=250 H and Cs=1 uF
is used. The C), capacitor, which is connected across PV array terminals, is chosen to be 4.7 ;1 F
since this allows a good compromise between ripple voltage suppression and MPPT tracking
in this application. To avoid MPPT unstable response, due to noise in PV current and voltage
measurements, and to obtain smooth MPP tracking, the PV voltage and current measurement
sampling frequency was defined as 120 Hz ﬂ Furthermore, the DC link, resonant, and MPPT

controllers have the same parameters defined in the previous chapters.

Table 7.1 — PCC loads configuration.

Variable Value Variable Value

re 10 L, 1 mH
L, 100mH C, 470 uF
R 50 Q2 R. 100 Q2
R, 3000 R, 3000
L, 1 mH C, 15 uF

Lastly, the goals of the simulations carried out in this chapter are: a) To propose a start-up
methodology to properly initialize all the control loops of the QSY inverter, to allow the execution
of ancillary services and MPPT; b) Evaluate the impact of the multifunctional operation on the
QSY inverter, including the impacts of the execution of ancillary services and shoot-through on
its components and MPPT performance. Therefore, the operational scenario depicted in Figure
with the load parameters given in Table [7.1| were set such that the maximum apparent power
capability of the inverter (3.75 kVA) and maximum modulation index M,,,, were respected. A
more generic scenario study would demand the definition of a hierarchical architecture defined
by layers, in which the QSY inverter would be contained in the most low-level layer (or primary
layer), under the orientation of control commands coming from a secondary layer (BRANDAO et
al., 2019), (ALONSO et al.,[2022)). This secondary layer is based on pre-established power quality
and energy generation goals, and therefore it would send to the QSY inverter the appropriate
current-references control commands, by properly adjusting the values of k., k., kv, k., While
respecting the converter power capability, maximum modulation index, and MPPT constraints.
However, the definition of this second layer and its associated control strategies are beyond the

scope of this thesis.

' In practice, the utilization of additional low-pass digital filters, processing the measurements of Ipy and Vpy,

are also useful to obtain a smooth and stable MPPT. Nonetheless, in the simulation environment, this is not
necessary.
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7.1 Control events

Prior to being connected with PCC, a predefined sequence of events is triggered, such that
the converter control loops are executed correctly. This sequence of events is briefly described

below:

1. Stage I: t<0.1 s - open loop operation: In this period, the QSY inverter is disconnected
from the PCC, and the local load is connected to the inverter output. None of the control
closed-loops are being executed, and the value of D,=0.1944 and V, ; .=0.6. The purpose

of this stage is to prepare the converter for the DC link voltage control.

2. Stage II: t>0.1 s - DC link voltage control: At 0.1 s, the DC link voltage control loop is
turned on, and the DC link voltage is controlled until it reaches 600 V in steady-state. Only
when the DC link voltage is regulated at the desired value, the inverter current control loop
is initialized. It is necessary that the local load remain connected to the inverter output,
otherwise, the DC link voltage will become excessively high and unstable since the stored

energy in the impedance-source network has nowhere to flow.

3. Stage IlI: t>0.4 s - Inverter current control: With the DC link regulated, the inverter output
current control loop is turned on at 0.4 s. A current of the amplitude of 2 A and 60 Hz is
maintained as the inverter current control reference. The value of this reference current
could be further adjusted such that the PV voltage becomes closer to an expected V/,,,,,
value, which will increase the MPPT tracking response, but this is an optional adjustment

and does not change the effectiveness of the proposed control strategy.

4. Stage IV: t>0.5 s - PCC connection: At this moment, both DC link and inverter current
control loops are operating correctly. Hence, breaker B, is turned-on and the inverter
is connected with the PCC. Breaker B, can be turned off if desired, to allow maximum
power delivery at the PCC. Simultaneously, the MPPT control loop is turned on, hence the

inverter current will gradually increase until the maximum power from the PV is extracted.

5. Stage V: t>1.0 s - CPT-based current compensation: After 1.0 s, the CPT algorithm is
used to determine current components references for compensation. In this simulation, the
active unbalanced, reactive (balanced and unbalanced), and void load current components
are used as current references for the QSY PV inverter, that is k,, = k, = k., = k, =1,
as shown in Figure Naturally, the active current component at the inverter output is
due to the MPPT tracking, thus the active balanced component from the CPT is not used.

7.2 Simulation results

Figure [7.2| shows the simulation results for the impedance-network side, particularly

looking at the Vo1, Vpe ik and Vpy dynamics. It can be seen that along all stages, the DC link
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Figure 7.2 — Obtained V1, Vpeink and V;, waveforms.

remains regulated at 600 V, as desired. At stage I, there is no shoot-through and the DC link
regulation control signal Vpo_ . remains equal to 0. Therefore, Vpoyinke = Vpy. In stage 2,
V¢, increases linearly, and Vpc_ i, smoothly and gradually increases to regulate Vpe jing. At
stage 111, since the inverter output current control loop is turned on, the output power processed
by the inverter increases, and a reduction in the value of Vpo ik 1s noticed. At stage IV the
inverter is fully connected with PCC, and the DC link voltage remains regulated until the end of
the simulation. Due to the coupled-inductor leakage inductance, it can be noticed the presence
of voltage spikes in the DC link, which however do not compromise the functionality of the
closed-loop control system. Moreover, Dy remains practically constant, as expected, with a
value that oscillates around 0.2130. The stabilization of Dy, is an important characteristic in this
application since the maximum modulation index M, is directly related to Dyg,. If Dy remains
constant, the available modulation range remains unchanged and thus multifunctional strategies

based on this available range can be derived, as can be seen in the next sections.

Figure [7.3|shows the behavior of the MPPT controller and the extraction of maximum
PV power. It can be seen that previously to stage (III), the /,,pt—rer—apc is defined as 8 A,
which is the value of feed-forward value I;,,4, which is not sent to the resonant controller since
the MPPT control loop is disabled. After 0.5 s, the MPPT controller is turned on, and it can
be noticed that the input panel voltage Vpy gradually moves towards V5, since the current

reference I,ppi—ref—apc gradually increases.

Therefore, the instantaneous PV power average value moves closer to PV maximum
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power. After 1.5 s, the MPPT algorithm reaches its equilibrium, with V3, oscillating around PV
maximum power voltage V/,,,,=250 V. In Figure[7.4]it is shown the inverter output current for
different operational stages. It can be seen in Figure [7.4a| that during stages I and II, the inverter
is not connected with PCC and grid current is non-sinusoidal, with a THD =7.71 % H Moreover,

grid currents I,_ 4 p ¢ are not balanced and are not in phase with phase voltages.

In Figure[7.4b]it can be noticed that the inverter is connected with PCC at 0.5 s, gradually
injecting current in phase with PCC voltages Vpcc—4 p,c. As the inverter current injection
increases, the current demand from the grid side decreases, while the load currents remain
practically the same. In Figure shows the inverter current with compensation components
delivered by the CPT. It is clear that, as the inverter synthesizes the current compensation
components, the grid currents /,_ 4 p ¢ becomes balanced, almost sinusoidal - with a THD of
4.9% - and in phase with PCC voltages. Therefore, the QSY PV inverter is injecting active power,
extracting maximum power from PV, and realizing current components compensation at the

same time, which validates the concept of multifuncionality for this type of converter.

Lastly, Figure[7.6] shows the dynamic values of several power quality indexes for the grid
and inverter sides, respectively. From Figure [7.6] the readings for the inverter-related indexes
must be considered only after 0.5 s, which is when the inverter is connected to the PCC. In this
period, the inverter only injects active power Fj,,. As the MPPT algorithm runs, P;,, comes

closer to 3 kW, which is the maximum power available at PV.

2 In this chapter, the THD indexes are obtained directly within PSIM Simview, according to the following

procedure: The THD is calculated as THD = Y—¢=—~ Vims , where V] is the fundamental component and Vrpss
is the overall rms value of the waveform. Inside the THD algorlthm, there is a second-order band-pass filter to
extract the fundamental component. The center frequency (fundamental frequency) of the band-pass filter is
previously specified by the user (POWERSIM| 2020) - in this case this frequency was defined as 60 Hz.
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Figure 7.4 — Inverter, grid and load currents at PCC at different stages: a) Stages I and II; b)
Stages II and III.

Simultaneously, the active power delivered from the grid is reduced, while the other
power quantities remain practically the same. After 1.0 s, the inverter apparent power A;,,
remains practically constant, while Q;,,, Ny ,—iny and D;,, increases since unbalanced and
reactive grid current terms are being compensated by the inverter. This can also be observed by
the increasing distortion, unbalance, and reactive factors Ap_;ny, AN—iny, and Ag_in,. On the
other hand, the grid, after compensation, practically only delivers active power with a close to

unity power factor, as can be seen by the factor \,. Table|7.2|shows the values of power indexes
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for the grid side, both before and after compensation performed by the QSY PV inverter. Except
for the power factor ), all other power indexes are lowered, which confirms the compensation

capability of the QSY inverter to improve power quality terms at the grid side.
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Table 7.2 — Power quality indexes measured before and after compensation.

Index Before compensation After compensation Difference
Ay [VA] 5008 1853 -63%
D, [VA] 335 95 -72%
Ny [VA] 416 17 -96%
Neog [VA] 295 12 -96%
N;4 [VA] 294 12 -96%
P, [W] 4044 1844 -54%
Q4 [VA] 2905 159 -95%
THDjq, 7.71% 4.91% -36%

THD, 5.45% 5.17% -5%

THDj, 6.58% 5.64% -14%
THDypoo—a 0.27% 0.07% -715%
THDypco-p 0.22% 0.07% -67%
THDypco—c 0.25% 0.08% -69%
A 0.8075 0.9950 +23%
AD 0.0670 0.0510 -24%
AN 0.0833 0.0090 -89%
AQ 0.5834 0.0859 -85%

7.3 Ancillary services impact on the QSY inverter

In the last section, it was demonstrated the capability of the QSY inverter to execute
ancillary services while it delivers active power extracted from the PV panels. However, when
such ancillary services are executed, the general operation of the converter is affected. The
objective of this section is to analyze the main impacts of the execution of the ancillary services on
the QSY network components, inverter switches, and MPPT performance. In the next paragraphs,
a comparison with two mission profiles is given, with the first one being the QSY inverter
operating only with active power injection to the grid, and the second one considering the same
ancillary services execution approach exposed in Section In both cases, the QSY inverter

extracts maximum PV power from MPPT.

7.3.1 Voltages and currents on the QSY network components

Figure|/.7|shows the peak voltages, including the rms and peak current variation on the

QSY components, before and after the execution of the ancillary services.

It can be seen in Figures|/.7ajand that there is a significant increase in the voltage
and current peak values, after the execution of ancillary services. Among the components of
the QSY network, the capacitor C'; was the one with the highest voltage spike increase (+32%),
while the other components had less significant variations, all below 7%. On the other hand,
the capacitor C had the highest current spike increase (+19%), followed by diode current I,
(+12%) and coupled-inductor winding I3 (+12%). Now, regarding the rms current, there is a

less expressive variation in all the components, with a small reduction in all device currents. The
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Figure 7.7 — Measurements of the QSY network voltages and currents, before and after
compensation, including the calculated values: a) Peak voltages; b) RMS currents;
¢) Peak currents.

cause for this behavior is explained by the execution of the ancillary service on the MPPT, which

will be explained in the following paragraphs.

It can be observed, however, that many of the calculated values for peak voltages,
including rms and peak current values remained relatively valid even after the execution of the
ancillary services. In most cases, the calculated values are higher than the measured ones, which
is not an issue since it is desired to have safety margins in the QSY components specifications.
Those differences are more critical for D peak current and reverse voltage blocking, respectively,
(' peak current and peak voltage value for (5, since the calculated values deviate significantly
from the measured ones. Therefore, the designer should take additional care of the specification

of these components at the design stage, considering additional safety margins.
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7.3.2 Switching power loss

Figure[7.8]shows the instantaneous power at two different switches located in the inverter:
S, which performs shoot-through conduction, and S5 which does not operate with shoot-through
conduction. The analysis of these two switches is carried out to understand how the shoot-through
conduction affects the power dissipation at the inverter. Moreover, another objective is to analyze

the effect of ancillary services in this scenario.
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Figure 7.8 — Instantaneous power at S; and S5 switches over a one inverter output current cycle.
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Figure shows the instantaneous power profile in the case where the QSY inverter
only injects active power at PCC. As can be seen, the shoot-through conduction increases the
average power dissipation to almost 15x (0.6 W to 9.1 W) and peak power to 34x (2.9 W to
100 W), which can be observed by comparing the average and peak power values for S; and S5
switches. In the same way, when ancillary services are executed, the increase in average and
peak power at switches S and S5 is measured as 7.1x (1.2 W to 8.5 W) and 13.2x (8.2 W to
108.4 W), respectively. In this last case, it can be noticed that power dissipation at S3 switch

increased when compared with the case when only active power is delivered to the grid.

The results shown in Figure indicate that the execution of ancillary services alone is
prone to increase switching power loss at the inverter transistors that do not realize shoot-through
conduction. This conclusion can also be verified in recent works in the literature (LIU et al.,
2020), (CALLEGARI et al., 2019). Nonetheless, the execution of ancillary services does not
change the considerable power loss increase in the switches that realize shoot-through conduction.
In this sense, it is clear that the definition of strategies that can handle the modification of the
inverter legs in which the shoot-through conduction occurs would be helpful to alleviate the
inherent increase in switching power loss in the QSY inverter. Additionally, during the design
stage, it is advisable to properly select the QSY inverter transistors, heat sinks, and cooling
systems that can take into consideration the specific characteristics of switching power dissipation

that exists in the QSY inverter.

7.3.3 MPPT performance

The MPPT is also affected by the execution of the ancillary services and in this section
this situation is explored. In Figures[7.9] and it is shown the PV panel voltage Vpy, input
current /1, and the MPPT controller current reference I, for the pure active and ancillary

services execution scenarios.

It can be seen in Figure [7.9|that when the QSY inverter only injects active current to the
PCC, the MPP tracking dynamic is smoother, and the oscillations of the instantaneous values
of Vpy around V,,,,, is between +5 V and -5 V, approximately, that is 2% deviation from the
maximum power voltage. The input current /;;, is almost constant, with average value of 12 A.
Regarding the MPPT controller, it can be seen that the inverter current reference amplitude value
varies from 10.4 A to 10.9 A, which is a variation of 0.5 A.

Now, analyzing Figure one can note that the Vpy variation around V/,,,,, is the range
of +20 V and -20 V, approximately, that is a deviation of +8%, which is 4x higher than the pure
active injection case. It can be noticed the presence of high-frequency current components at
I1in, which is a reflection of the harmonic current injection made by the QSY inverter when
executing ancillary services. Nonetheless, /1, average value does not change significantly from
12 A. The MPPT controller’s current reference changes from 9.8 A to 11 A, which is a variation

of 1.2 A, 1.4x more than the pure active case.
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The results shown in Figures[7.9|and suggest that the MPP tracking when ancillary
services are executed presents a more oscillatory behavior, meaning that the power values
extracted from the PV array present a pulsating dynamics around the maximum power. As a
result, the average active power delivered from the QSY inverter is slightly lower when compared
with pure active cases. This can be inferred from the efficiency calculations made in both cases.
In the simulations carried out, when only active power is injected into the PCC, the QSY inverter
calculated efficiency was defined as 94%, whereas in the case of ancillary services execution,
the stipulated efficiency was calculated as 92 %, there is, 2% lower than the first case. In the
literature, the study carried out by (JESUS et al., 2019) presents similar conclusions, studying the
impact of harmonic compensation made by three-phase PV inverters on the MPPT performance.

7.4 Summary

This chapter presented a simulation case, considering the QSY inverter with all the
control loops designed in the previous chapters operating simultaneously. The simulated case
considers different types of linear and non-linear loads, for a typical commercial or small-factory
environment. The connection of the QSY inverter to the grid is made considering a sequence of

control events, which were described in detail.

The obtained simulation results demonstrated the effectiveness of the derived
methodology to implement the QSY inverter as a multifunctional PV inverter, through the
evaluation of the impedance network and inverter output waveforms. Additionally, the impacts
of the ancillary execution on the QSY network components, inverter switches, and MPPT

performance were also analyzed.
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8 Experimental results

In this chapter, some of the obtained experimental results are shown. Initially, the
prototype characteristics are described, including details about the built QSY network, the DSC,
and the code upload strategy based on the PSIM SimCoder feature and information about the
snubber circuits. Prior to the connection of the QSY inverter with the grid[], many challenges
need to be overcome. Among them, there is the issue of DC link overvoltages caused by the
coupled-inductor leakage inductances. The experimental waveforms for this case are shown
in Section [8.2] illustrating the importance of the LCD snubber to allow the operation of the

converter at nominal grid voltage values.

With the LCD snubber properly designed, another challenge that needed to be solved
was to validate the DC link voltage regulation strategy, exposed in Chapter 4] In Section [8.3]it is
shown how this was accomplished, indicating how the DC link remains robust against external
perturbations at the converter voltage input stage and load output stage. The experimental tests
were conducted in Sections and are based on an off-grid scenario, with the objective
of connecting the QSY converter with the grid only when the DC link overvoltages damping
through the LCD snubber and DC link regulation strategy control objectives were satisfactorily

met.

Additionally, experimental tests were done connecting the QSY inverter with the grid,
including the execution of ancillary services using the CPT. The results of these tests are shown
in Section 8.4} in which it is successfully confirmed the concept of using the QSY inverter with
multifunctional features. At the end of this chapter, preliminary MPPT controller implementation
results are shown, in a simplified case considering the QSY network applied in a DC-DC
converter. It is the author objective to concretize the MPPT implementation in the QSY inverter
in future works. It is worth mentioning that most of the oscilloscope waveforms were obtained
using the Tektronix *TekScope Ultimate’ software, used to join the .csv files obtained with the
oscilloscopes MDO34, MDO3014, and MDO3034 available in the laboratory ﬂ When it was
necessary, external trigger signals were used to synchronize multiple oscilloscopes, such that

multiple waveforms could be acquired simultaneously, with negligible time delay.

8.1 Experimental prototype

Figure shows the laboratory prototype implemented to validate the QSY inverter.
Table [8.1] shows the parameters of the prototype, which are different from Table [3.3| due to

The term ’grid’ refers to the laboratory grid emulator power source used during the experimental tests.
2 The experimental THD indices were obtained using the MDO34, MDO3014, and MDO3034 oscilloscopes,
taking into account harmonics in the waveform including components up to the 40" order.
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the lower power scale capability and components limitations. The parameters shown in Table
[8.1] were employed in the computer simulation using PSIM, with F28379D blocks for ADC
and PWM peripherals configuration, and the SimCoder package for automatic code generation.
The code generator tool from PSIM was used to create the controller C code, whereas Code
Composer studio was used to upload the code to DSC F28379D. In the prototype shown in
Figure [8.1] the coupled inductors were built on a toroidal core of sendust (u, = 60 H/m) with a
winding turns ratio of 37:112:186, and 2x22 AWG and 3x20 AWG Litz wires. The capacitors C
and (', are implemented with the A511EJ68M450F and the 15 p F, 500 V film capacitor model
C4AQLLUS5150A19K. The IRG4PF50WD IGBT and GC2X5MPS12 26 A and 1200 V SiC
Schottky diode were used as S;_¢ and D. Furthermore, to relieve voltage spikes at the DC link,
the LCD snubber was implemented with L, =235 pH, C; = 1.05 pF, and RHRG30120 diode,
based on the work developed in (FOROUZESH et al.,2018). In the same way, an RC snubber
was used in parallel with D with a resistance value of 270 €2 and a capacitance of 4 nF, with a
design methodology inspired in (RIDLEY/,[20054). During the grid-connected tests, the inverter
output passive filter is comprised of three inductors with 10 mH, being a first-order low-pass

filter. Now, in off-grid tests, an LC low-pass passive filter is used, with an inductance of 10 mH

and capacitance of 15 uF.

LCD snubber Three-Phase inverter

QSY network
DSC and
signal conditioning

Linear and
Non-linear loads
CcCS

Passive low-pass filters

Figure 8.1 — QSY inverter developed prototype.
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Table 8.1 — QSY converter circuit parameters - laboratory prototype.

Component Value Component Value
Li, 4.24 mH TLin 0.85Q
Cy 15 uF reo 29.33 mf)
C 2040 pF ro1 142.68 m{2
D 25 mf) rg 25 mf)
L, 0.222 mH N1:Ny:N3 37:186:112
R, 149.27 Q L, 10 mH
Vin 250V fst 18 kHz
o 3.0135 Dy, 155.328689 - 103

8.2 QSY network components experimental waveforms

One of the main challenges of the QSY inverter is the peak values of current and voltage
that are resultant from the presence of leakage inductances. In this Section, it is shown how
this issue was treated, and it is commented on the particular behavior of current and voltage
waveforms obtained in the practical laboratory setup. Figures [8.2a] and [8.2b| show the currents
and voltage waveforms at different components of the QSY network, without the presence of
an LCD snubber. In order to demonstrate the effect of the leakage inductance on the DC link,
without the presence of the LCD snubber, the TT 13500-5 core was used (see Appendix [A)), with
Vin=50V, D4=0.1666.

Moreover, the QSY inverter was tested in off-grid operation, with a fixed output load of
R,=72.2 Q). Figure 8.2al shows the main currents and voltage waveforms at the QSY network. It
can be clearly seen in Figure [8.2b|that Vp¢ i, peak voltages can reach up to 235 V, which is
261% higher than the steady-state value. Obviously, as the input voltage increases, such values
become higher and eventually could damage the inverter IGBTs - that is why V,=50 V was used.
In all waveforms, as discussed earlier, it can be noticed the presence of an undamped ringing

current or voltage components, indicating the presence of stray inductances.

A second test was conducted, now using an LCD snubber with L,=312 pH and Cs=1 uF.
Figure [8.3 shows the main current and voltage waveforms for the QSY network, considering the

presence of the LCD snubber.

In this second case, V;,=200 V with Vpc_j., regulated at 470 V. The inverter output
phase voltage was set at 127 V.., - this is now possible due to the presence of the LCD snubber.
The peak voltage value at Vpeo_jini 1s 634.5 'V, which is around 40% greater than the steady
value. As can be seen in Figure [8.3a) the ringing components, which were damped due to the
LCD snubber, did not affect substantially the inverter output voltages and currents. In fact, a
0.42% THD was measured at the inverter output line voltage, and a THD of 1.1% was measured
at the inverter output current. The results shown in Figure 8.3|demonstrated the operation of the
QSY inverter with higher DC link voltage values. In the next Section, it is shown the DC link

voltage regulation results obtained in the laboratory.
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Figure 8.2 — QSY network experimental waveforms, without the LCD snubber, showing its
components: a) Currents waveforms; b) Voltage waveforms

8.3 DC link voltage regulation

Figure[8.4] shows the experimental waveforms obtained with the developed prototype,
in an off-grid application where the V¢ i (indicated by V) is controlled (SANTOS et al.,
2023) to be regulated at 470 V. In Figure [8.4p in the experimental test with constant input voltage

Vin =250 V and a load step resistance increase of 50%, it can be observed that before and after

the load step, Vpeini remains regulated at 470 V, as desired. As can be seen, the transient
dynamics are overdamped with a settling time greater than 80 ms. This was expected due to the
voltage control loop bandwidth set at 10 Hz and phase margin defined at 70° in this practical

experimental test, which configures a slow dynamic response to the voltage regulation controller.

As shown in Figure 8.4k, as the inverter output line voltage V45 is directly related to
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Figure 8.3 — Experimental waveforms with LCD snubber (L;=312 pH, Cs,=1 pF), with TT
13500-5 core: a) QSY components currents; b) QSY components voltages.

Vbeinks Vap also remains regulated, before and after the load transient. In Figure @c, which
shows the QSY converter waveforms for steady-state operation, after the load transient, it is
verified that Vo i remains at the desired voltage level (470 V) and stable, with minimum
steady-state error. Now, considering the input voltage variation, as shown in Figure [8.4p, the
converter load remains constant, and there is an input voltage ramp variation from 200 V to
250 V (25% increase); the Vpe ik voltage remains regulated at 470 V, with a similar dynamic

characteristic present in the input voltage variation test.

As depicted in Figure [8.4f, V45 remains constant before and after the input voltage
variation. In Figure [8.4d, which shows the converter waveforms for steady-state operation after
the input voltage variation, it can be observed that V¢ ;.. remains regulated at 470 V. In general,
both in the cases of load transient or input voltage ramp variation, it can be noticed that the
controller action compensates the V¢ i disturbances in an adequate manner, maintaining the
voltage level at the desired values, which consequently validates the dynamic model used to

design the controller.
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Figure 8.4 — QSY inverter experimental waveforms for load step change and input voltage ramp

variation in off-grid application: 1) Load step change: (a), (c), (e); 2) Input ramp
variation: (b), (d), (f).

8.4 Grid connection and ancillary services execution

Before realizing ancillary services, it is critical to validate the capability of the inverter
to inject power into the grid. In this sense, Figure 8.5 shows experimental results for an on-grid
application, where the QSY inverter only injects active current into the PCC. It can be seen in
Figure [8.5a| that the Ve ik voltage remains regulated around 470 V, reaching a peak value of
560 V after the amplitude step reference change in [, 4, from 2 A to 4 A. It can be observed

the fast reference tracking capability due to the PRes controller.
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Figure 8.5 — QSY inverter experimental waveforms for on-grid application: a) QSY network
characteristics waveforms (Vpciink> Lrin, Vin) and I;,,_4; b) Inverter currents
injected at the PCC (/;4— 4, Linv—B> Linv—c), and PCC phase-A voltage Vpoo_a.

Additionally the QSY inverter input current /;;, remains in CCM mode along all the
operations, with a mean value varying from 2.5 A to 4.5 A, approximately. The input voltage
Vi, remains at 250 V. Regarding the inverter currents injected into PCC, Figure [8.5b|shows the
three inverter output currents, ;,,— 4, Iiny,—p and I;,,_c waveforms, including the PCC phase
A voltage Vpoe_ 4. It is clear by comparing the angular displacement of /;,,, 4 with Vpoo_a
that the inverter currents are injected with a close-to-unity power factor PF’, which is mandatory
for a grid-connected inverter. This was confirmed by the measured P F' value of 0.997, obtained

after the current step reference change.

8.4.1 Multifunctional operation

With the active current injection capability confirmed, additional tests exploiting the
inverter capability of executing ancillary services were conducted. Figure[8.6] shows the obtained
results with the QSY inverter executing ancillary services, while simultaneously injecting active
current to the PCC.
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In this test, the QSY inverter was controlled to inject all the non-active current terms
(reactive and void current terms), besides the active current components. The converter processed
power was lower in this case. The reasons for this are: a) The author’s objective was to show the
voltage gain capability and the flexibility of the QSY inverter, with the possibility of executing
ancillary services even when lower input voltages are present (V;,,= 145 V); b) Due to hardware
limitations on the prototype, particularly the current capability of the coupled inductors, the
processed power at higher voltage gains needed to be reduced, to preserve the coupled-inductors.
Connected at the PCC, there are a three-phase resistive load of 147 €) and a three-phase rectifier,
with an input filter of 5 mH, DC output capacitance of 4700 uF and a resistance of 83 (. To
simulate the grid, it was used the Regatron TopCon TC.LAE 4-Quadrant Grid Simulator power
source. The phase voltages Vpco—a, Vpoo—p, and Vpoo_ o were defined with a rms value of
127 V and frequency of 60 Hz. The inverter local load, used during the converter start-up period,
was defined as R,; = 72 €. It should be noted that during the start-up procedure, the QSY inverter
remains disconnected from the grid.

The QSY converter input voltage was obtained with the DC voltage source Chroma
62050H-600 s. During the initialization of the DC link voltage closed-loop control, the input
voltage magnitude V;,, was set to 200 V, and Vpcini Voltage reference was gradually increased
until the value of 480 V. Afterward, the inverter output current controller was initialized, with a
peak current reference of 1 A. After verifying the correct operation of the DC link and inverter
current controllers, the QSY inverter was connected with PCC, through the manual activation of

a circuit breaker.

Along the experimental test, the Code Composer Studio (CCS) "Graph" tool was used to
compare the instantaneous values of the sinusoidal modulation signals M,, M, and M. with the
maximum modulation M,,,,,. This was done such the active current reference for the inverter
could be adjusted to respect the maximum modulation limit of the converter. To explore the
voltage gain capability of the QSY inverter, V;,, was reduced from 200 V to 145V, and Vpc ink
voltage reference was gradually increased to 545 V. In this sense, the voltage gain B increased

from 2.4 to 3.76. It was in this final setup that the results shown in Figure [8.6] were obtained.

It can be seen in Figure 8.6 that after O s, the grid phase currents /,_4, [,_p and I,_¢
present a shape that is more similar to a sinusoidal waveform, in phase with grid phase voltages
Vpoco—a, Vpoo—p and Vpeoo_ o, respectively. This happens because the reactive and void current
terms are being compensated by the QSY inverter, as can be seen by the change in the current

references sent to the QSY inverter when observing the waveforms related to /;,,, 4, Iiny—p and
Lipy—c-

Table[8.2] presents some power quality indexes measured with the oscilloscope waveforms.
The phase voltage RMS values remained almost constant, before and after the compensation.

However, a decrease of the grid side rms currents was noticed, with a reduction of 27% in phase
A (2.6 Ato1.9A),27% in phase B (2.6 Ato 1.9 A), and 31% in phase C (2.6 A to 1.8 A). Hence,
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a reduction in line losses was obtained after the compensation made by the QSY inverter.

The active power delivered by the QSY inverter remained almost constant, both before
and after the compensation, hence a negligible change in the active power delivered by the
grid was detected. This happened because the QSY inverter’s active current reference was not
modified. However, because of harmonics and reactive current terms compensation by the QSY
inverter, a reduction in the reactive power and apparent power was measured in all grid phases.
For the reactive power case, a reduction of 43% (65 VAr to 37 VAr), 55% (62 VAr to 28 VAr),
and 43% (67 VAr to 38 VAr) was calculated for phases A, B and C respectively. For the apparent
power case, the reduction was 2% (242 VA to 237 VA), 1.6% (244 VA to 240 VA), and 2.5%
(242 VA to 236 VA) for phases A, B, and C, respectively. Therefore, the QSY inverter helped
to reduce grid non-active power terms, as expected, but in an adverse scenario, that is, with
lower input voltage, which represents a low solar irradiation case. Hence, the capability of the
ancillary service execution when higher input voltages are presented would be higher than the
ones demonstrated in this critical scenario, since lower values of Dy would be required, and

hence, higher values for M would be possible.

Yet, with the aid of the QSY inverter, the THD, of grid sides currents were lowered
from 21.2% to 6% for phase A, 20.92% to 6.27% in phase B and 21.45% to 5.74% in phase C.
Moreover, the final power factor of grid side currents moved closer to unity, changing from 0.96
t0 0.99, 0.97 to 0.99, and 0.91 to 0.99 for phases A, B, and C respectively.

Regarding the QSY inverter DC side, the DC link voltage V¢ i, remained regulated
around 545 V, with peak voltages reaching the value of 614 V, due to voltage spikes caused by
stray inductances. The input voltage V;,, remained constant, with an average value of 144.3 V.

The input current /;;, remained with a practically constant average value of 4.023 A.

Table 8.2 — Power quality indexes for the grid side, before and after QSY inverter compensation.

Before compensation After compensation
Term Phase A Phase B Phase C Phase A Phase B Phase C
Frequency (Hz) 60 60

RMS Voltage (V) 125.4 126.9 126.2 125.5 126.9 126.2

RMS Current (A) 2.6 2.6 2.6 1.9 1.9 1.8

Active Power (W) 233 236 232 234 239 233
Reactive Power (VAr) 65 62 67 37 28 38
Apparent Power (VA) 242 244 242 237 240 236

Power factor (PF) 0.96 0.97 0.96 0.99 0.99 0.99
THD; (%) 21.20 20.92 21.45 6.00 6.27 5.74
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8.5 MPPT implantation - DC-DC case

To validate the MPPT P&O control strategy, it was considered a simplified case, where
the QSY network was used in a DC-DC converter. In this case, the MPPT controller tracks the
maximum power point through the control of the input current /;;,, and a resistive load of 23
Q) is connected at the DC-DC converter output. The PV panel was emulated with the Keysight
N8900APV Series power source, with a maximum power of 100 W and maximum voltage
and current of V,,, = 30.7 V, I, = 3.27 A, respectively, open-circuit voltage V,,. = 37.3 V and
short-circuit current of ;. = 3.56 A. The C,, capacitance value was defined as 1 F and an ADC
sampling frequency of 120 Hz was used to acquire /py and Vpy, respectively. Since the input
current is controlled to realize the MPPT, a fixed step of 0.05 A was used to update the I,
current reference. Moreover, to obtain smooth MPP tracking, a digital first-order low-pass filter
of 100 Hz was used.

The MPPT controller was designed using the frequency response method, based on a
system block diagram similar to the one shown in Figure but now using the I[L)—? transfer
function, using the small-signal model derived in Chapter 4. Furthermore, it was adopted a 12
Hz cut-off frequency and a phase margin of 80 ° as dynamic requirements to design the MPPT
controller. Figure [8.7 shows the performance of the MPPT controller under different irradiation
levels, in which the maximum power levels vary to 60 W and 45 W. It can be seen that the
implemented MPPT controller was successfully able to track the different maximum power
points, with a small oscillation around the maximum power point in steady-state, for the different

cases under analysis.
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Figure 8.7 — Experimental MPPT results for the QSY DC-DC converter case — The marks
represent the measured power values.
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Figure [8.8 shows the obtained practical results, now through the Keysight SAS control
user interface. As can be seen, the instantaneous PV power and maximum power point ratio
reach 99.91 %, extracting 100.44 W from the power source, with Vpy =30.5 V and Ipy = 3.29
A, which also demonstrates the effectiveness of the MPPT controller implemented with QSY
network DC-DC converter.

Control "  Curve Workspace
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vmp: 30,7 V Vscale: 100,00%
Voltage: 31,0 V Current: 3,24 A Power: 100,43 W
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20
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Figure 8.8 — Experimental MPPT results for the QSY DC-DC converter case - Keysight SAS
control user interface.

The results shown in Figures [8.7]and [8.8] confirmed the MPPT control methodology and
is the objective of future works to implement the MPPT control scheme in the QSY inverter,
considering the simultaneous execution of ancillary services, using the CPT, as done in the

previous chapter.

8.6 Summary

This chapter presented the experimental results obtained with a QSY inverter prototype in
the laboratory. It was shown how the challenges that needed to be overcome were treated before
allowing the connection of the inverter with the grid. At first, it was demonstrated how the voltage
and current spikes caused by stray inductances were solved with the insertion of the LCD snubber.
Then, the control methodology and the DC link voltage regulation controller effectiveness were

confirmed experimentally, considering input voltage and output load disturbances.

After the solution of the DC link voltage control and the validation of the LCD snubber
design, it was shown the performance of the QSY inverter when connected to the grid, with a
close to unity power factor. The multifunctional capability of the QSY inverter was demonstrated

with experimental results, showing the improvement of many power quality indexes related to
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the grid side after the execution of the ancillary services with the inverter. All the experimental

results confirmed the validity of the methodologies proposed along the previous chapters.

Finally, the MPPT controller was implemented, using the QSY network in a DC-DC
converter. Satisfactory results were obtained using the P&O MPPT method, and future works

will be conducted to implement this MPPT controller in the QSY inverter.
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9 Conclusions

After all the work conducted during this research, this Chapter presents the author’s
conclusions about the QSY inverter. Beginning with the concept of using impedance-source
networks in DC-AC applications, it can be concluded that INIs present many interesting
characteristics and advantages, that fostered the research in this field in the last years. Due to the
single-stage architecture, such inverters need less power transistors and other components to
allow the converter operation as a buck-boost type, when compared to multiple-stages PV
inverter topologies. Moreover, impedance-source networks are practically comprised of passive
elements, which can be easily replaced and facilitates maintenance, besides presenting a lower
cost, when compared to the alternative of having a secondary voltage step-up dedicated power
converter. Nonetheless, due to the extended and flexible range of applications in which
impedance-source networks can be used (AC-AC, AC-DC, DC-DC, DC-AC), the same
impedance-source part could be manufactured to attend different types of converters, which

would lead to a lower production cost due to flexible applications fields.

Another aspect that can be pointed-out is that the integration of the impedance-source
network in an existing voltage-source inverter (VSI) does not present significant challenges.
As demonstrated in Chapter 5, the inclusion of simple additional digital circuitry based on
OR logic is sufficient to allow the correct control of the converter, properly integrating the
shoot-through pulses. Additionally, a modification on the transistor drivers’ firmware/hardware
is also needed, particularly to disable voltage and current protections that were set to preserve
the inverter from shoot-through conduction. Among these protections, there is the dead-time
feature, which is not necessary for INI. Moreover, due to the shoot-through conduction, it is also
necessary to remove an eventually present DC link capacitor and replace this capacitor with an
impedance-source network. These simple changes are sufficient to transform a conventional VSI
into an INI. The experimental results shown in Chapter 8 were obtained with a conventional
VSI that was modified following the steps previously described. These observations show that
impedance-source networks present a high potential to be employed in existing commercial

inverters, with minimal modification or manufacturing additional barriers.

Particularly, in this thesis, the QSY network was studied since it presents additional
advantages when compared with other impedance-source networks. Among these advantages,
there is the continuous input current feature, the increased design flexibility, and higher voltage
gains. The QSY network needs lower Dy, values when higher values of ¢ are employed, which
increases the M,,,, range. However, as shown in Chapter 3, the correct selection of J is not
straightforward, but the developed mathematical model of the QSY network is helpful in this
task. Regarding the capacitor ratings, it was also shown that the C'; capacitor voltage is lower

when compared to the voltage that would be present in a conventional double-stage inverter DC
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link capacitor. In the conventional scheme, considering the power ratings adopted in this work,
the voltage across this DC link capacitor would be 600 V, whereas, in the QSY inverter, this
voltage is 483 V, which is 20% lower. In overall, all these advantages of INI, particularly of the
QSY network, exemplify the commercial compelling features of the QSY inverter and motivated

the studies carried out in this thesis.

9.1 Thesis contributions

At this moment, the discussion can be forwarded to the contributions of this Ph.D. thesis.
In this work, it was demonstrated how to design the QSY inverter to be used as a multifunctional
three-phase/three-wire PV inverter. The scope of the work was to propose an alternative solution
to the typical PV inverter configuration often found in the literature and market, which is usually
based on some sort of multi-stage architecture. Along the chapters, many simplifying assumptions
were made, to propose solutions to many of the challenges in the way of accomplishing this goal.
In the present literature, there is no equivalent work that employs the QSY network topology
in a PV inverter with multifunctional capabilities, considering all the associated control and
design methodologies to attend to this objective. According to the content that was exposed in
this thesis chapter, one can conclude that this is not a trivial task, and thus, the main contribution
of this thesis was to demonstrate, with details and clear methodologies, how to achieve this goal.

Specifically, this work’s contributions can be listed as follows:

1. QSY network design methodology — A comprehensive design methodology for the QSY
network was presented. With this methodology, it is possible to design all the components
that comprise the QSY network, including the possibility of estimating its main current

and voltage rms, average, and peak values through a set of mathematical expressions.

2. Comprehensive QSY network mathematical model — Through the derived small-signal
model, it is possible to evaluate the voltage stresses on the different converter components,
which helps to choose the most interesting values for § and evaluate the dynamic impact
on the converter control. Besides not being carried out in this document, the analysis of the
component’s current stresses and converter efficiency can also be made with the developed

mathematical model and could be used in optimum design-oriented methodologies.

3. RC and LCD snubber design considerations — It was presented possible solutions to
overvoltage issues caused due to the presence of stray and leakage inductances. Equivalent
circuits showing these no ideal elements were presented and a review of DC link
overvoltage solutions for Y-source based networks was presented. Besides not being
shown in detail in this document, the author developed a design strategy for the design of
the LCD snubber, which was essential to allow the execution of experimental tests, at

nominal voltage levels.
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4. DC link voltage control methodology — A DC link voltage regulation control system was
proposed for the QSY inverter. Moreover, a detailed description of the equivalent block
diagram and transfer functions derivations, considering hardware details and digital control
aspects was presented. A small-signal model for the QSY inverter, based on the state-space
averaging technique was described, and an equivalent switching circuit configuration
was introduced to validate the model. Additionally, indications of control requirements
selection and a step-by-step explanation of how to obtain the G._j;,x(s) voltage controller
were given, including the procedure to obtain its digital formulation, such that it can be

implemented in a DSC.

5. Modified SBC-SPWM technique implementation — To allow the integration of the shoot-
through pulses, it was shown how to implement the modified SBC-SPWM technique.

6. MPPT control methodology — A MPPT control system was proposed for the QSY inverter.
A detailed description of the equivalent block diagram and transfer functions derivations

was presented. A definition of dynamic requirements criteria was proposed.

7. QSY inverter start-up methodology and multifunctional operation — It was shown
how to properly initialize the different closed-loop control systems, such that the
multifunctional operation and MPPT run simultaneously and harmonically. Furthermore,

it was demonstrated the capability of the QSY inverter to execute ancillary services.

8. Analysis of the ancillary services impact — It was analyzed how the execution of the
ancillary services affects the QSY network components, in terms of voltage and current
stresses and MPPT performance. Regarding the inverter transistors, it was demonstrated
how the execution of the ancillary services and shoot-through conduction affects the

switching power losses, and an indication of a solution to this issue was given.

9. Experimental results — It was demonstrated how to implement the QSY inverter in a
laboratory prototype, and considerations regarding the practical operation of the converter

were given.

9.2 Drawbacks and possible solutions

As any power converter, the QSY inverter also presents some operational drawbacks and
constraints. In this section, a brief discussion of these disadvantages is presented, and possible
solutions to tackle these issues are proposed. The following list indicates some of the found

problems:

1. Overvoltage issues — As can be seen in the practical results shown in Chapter 8, one of
the QSY network’s most affected components, in terms of voltage stress, is the diode D,

input inductor L, and coupled-inductor windings N», N3. In the simulations, as seen in
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Chapter 7, the peak voltage value at D reached -1262 V, which is 2.1x greater than the
Vpeunk voltage (600 V). At L;,, the measured peak voltage value was 1450 V (2.4x
greater than Vo ini) and at Viys, Vs the values of peak voltages were -1237 V and -744
V, which are 2x and 1.2x higher than Vpc ik, respectively. These voltage values are
relatively high, particularly for diode D, which is responsible to disconnect the input
voltage source from the inverter transistor, during the shoot-through conduction. Hence,
greater concerns are posed on D, since in the case of its failure due to excessive voltage
stress, the whole power converter could be damaged. In the experimental setup, as shown
in Chapter 8, these voltage peak value concern is even higher, due to the presence of stray
inductances, which also contributes to the increase of overvoltage values. To solve the
problem of overvoltage across D, it is mandatory to use the RC snubber, at least in the
cases where this overvoltage could be greater than the ratings often found at different
diode manufacturers. However, RC snubbers contribute to an increase in power loss and
generate extra heat at the power board, which is highly undesirable.

Solution alternatives: To solve these problems, one can adopt lower values of 9,
particularly between 2 and 3, which is directly related to overvoltage on the QSY network
components. Another solution is to adopt lower Vpeinx values, using different control
techniques such as MCBC with a third-harmonic injection or the selection of an optimized

value of Vp¢ink depending on the ancillary services executed by the converter.

2. EMI issues — The voltages and currents profile in many branches of the QSY inverter
presents a pulsating nature. This is particularly true for the DC link voltage, in which the
voltages vary from nearly O V to some hundred volts at the double switching frequency,
which would cause problems related to electromagnetic interference (EMI). Therefore, the
mitigation of EMI-related problems is more challenging in this converter.

Solution alternatives: To mitigate EMI problems, one can choose to lower the DC link
voltage, by choosing one of the possible alternatives described in the previous item.
Besides, the adoption of EMI absorbing materials, optimized components, grounding and
layout optimization, shielding, filtering, and many other possible solutions could be used

to alleviate EMI problems.

3. Capacitor high current ripple —: The pulsating current that passes through capacitors C
and C5 generates additional component stresses, besides greater power loss, since these
components are series connected in power transfer branches. This problem can lead to a
reduction in the converter’s lifetime.

Solution alternatives: One can use capacitors in parallel to reduce the current ripple in each
component, thus increasing the life span of the converter. Another solution is to employ
film capacitors along with electrolytic capacitors, as they have lower series resistances,
higher ripple current capability, and longer lifespan. Moreover, increasing the switching

frequency would eventually lead to minimized capacitance values, hence the use of less
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critical materials, based on electrolytes, that could be replaced by other materials types that
present increased durability in higher current ripple applications. However, the increase
in the switching frequency should also consider the DSC PWM resolution capability,
specially for higher values of ¢, since Dy, value decreases in this case.

4. Leakage inductances issues — As described in item 1, the presence of the coupled-
inductors leakage inductances and other stray inductances, promotes many problems
related to overvoltages, in different components. As such, in some cases, the use of RC
snubber for diode D and LCD snubber at the DC link is mandatory. The presence of these
snubbers decreases the converter efficiency and increases the design complexity.
Solution alternatives: If lower DC link voltages are used, the voltage spike at the diode D
is minimized. Hence, one could employ higher voltage ratings diodes, and dismiss the use
of the RC snubber. Regarding the LCD snubber, it employs fewer components with lower
power ratings, does not require active switches, and can regenerate the leakage energy
back to the QSY network. Using the design methodology that is currently being developed

by the author’s research group, the use of LCD snubber does not impose greater concerns.

5. Increased current stress at inverter switches —: The inverter switches that perform

shoot-through conduction suffers higher current stresses and dissipate more switching
power, as demonstrated in Chapter 7. Moreover, the peak current value at the shoot-through
switches is relatively higher than the peak AC current. For example, in the application
studied in Chapter 7, the shoot-through switch peak current was measured as 55 A, almost
4x higher than the inverter AC peak current value (15 A). This demands higher power
ratings switches and additional care at the heat sink design, leading to an increase in the
inverter cost and a reduction of the transistor lifetime.
Solution alternatives: One solution to mitigate the increased switching power loss, and
facilitate the semiconductor thermal control, relies on the definition of a "shoot-through
inverter leg rotation" strategy. In this sense, the thermal stress could be homogeneously
distributed among all inverter switches, increasing the lifetime of each individual switch.
Considering the current technologies, if power MOSFETs-based switches are used, the
shoot-through conduction could be done by all inverter legs at the same time, since
MOSFETs can be gated on in parallel without additional concerns. Therefore, this would
reduce the peak current value during shoot-through by the number of inverter legs. For
example, in the case study in Chapter 7, the peak current during the shoot-through would
be 18 A, which is only 1.2x higher than the AC peak current, and 3x lower than the case
where the shoot-through is executed only by one inverter leg.

6. Limitation of the modulation index range —: Since part of the linear modulation index
range is reserved for shoot-through pulse synthesis, there is a reduction in the maximum
modulation index range in the QSY inverter. Compared with conventional inverters, this

brings additional constraints during the execution of ancillary services and current
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synthesis capability, particularly when harmonics currents compensation is required.
Solution alternatives: To extend the modulation index range, one could adopt the
utilization of SBC with the addition of third harmonic, which can increase M,,,,, in 15%.
Another solution is to realize selective harmonic compensation, using the available M
range to fully compensate only the harmonic currents components of interest. Lastly,
considering single-phase inverters based on the QSY network, there is a better utilization
of the DC link, hence the problem of modulation index limitation is minimized when

compared with the three-phase case.

As discussed above, the drawback of the QSY inverter cannot be fully eliminated but

can be minimized if certain design and control decisions are made.

9.3 Final considerations

The experimental and simulation results demonstrate that the QSY inverter can effectively
realize input voltage step-up while simultaneously executing ancillary services, using a single-
stage power processing architecture. However, besides the positive characteristics associated with
the single-stage power architecture in this converter, there is also a limitation on the maximum
modulation index M,,,, range, which is now defined by 1-D,;. In this sense, the ancillary
services execution capability of the QSY inverter, for the same DC link voltage, is lower when
compared with other PV inverter topologies whose modulation index range can vary from 0
to 1. Particularly for harmonic current compensation, this limitation is more expressive, since
higher modulation index values are required to inject higher-order frequency harmonic currents
at the PCC. Nonetheless, when compared with other INI types, such as the Z-Source or Quasi-Z
Source, since the QSY inverter can require lower Dy, values to obtain the same desired voltage
gain, thanks to the flexibility allowed by the J factor, this difference of the ancillary services

execution capability is smaller for the QSY inverter.

Yet, the execution of the shoot-through conduction dismisses the use of the dead-time
protection feature in the drivers of transistors. This aspect brings some advantages, mainly related
to the absence of distortions on the AC waveforms at the inverter output that can be caused when
dead-time protection is enabled. Moreover, since shoot-through conduction is now permitted,
an additional reliability degree is obtained in the QSY inverter, particularly against situations
that could create unwanted shoot-through conduction in conventional VSI. However, it was
demonstrated that additional thermal and switching losses are present due to this conduction

type. Nonetheless, in the last section, it was indicated possible alternatives to alleviate this issue.

Besides the fact that the QSY inverter presents a single-stage power processing
architecture, with its associated advantages, one must carefully determine the QSY network
operational and design parameters, to avoid excessive voltage and current stress on critical

components, such as the diode D, input inductor L;, and coupled-inductors windings. Among
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the most critical design factors selection, there is the coupled-inductors ¢ factor, Vpe ik voltage,

output processed power F,, and voltage gain 5.

Moreover, the coupled-inductors 0 factor inserts an additional degree of freedom when
determining the voltage gain, which can reduce the required values for D,;. This characteristic
makes the QSY inverter design more flexible. However, the coupled inductors will unavoidably
have leakage inductances, which can create problems related to overvoltages, particularly at
the DC link, inverter switches, and diode D. To mitigate these issues, one could use snubber
circuits, which need to be carefully designed to avoid unwanted power loss. In this sense, this
aspect should be taken into consideration when designing the coupled inductors, such that lower

leakage inductance values are obtained.

The capability of the QSY inverter to execute ancillary services, while simultaneously
extracting maximum power from the PV array was demonstrated. However, when ancillary
services are executed, all the QSY network components are affected, with greater current stresses
at C'1, D, and the coupled-inductor winding with N3 turns ratio. Moreover, additional voltage
stresses will be present at (. Additionally, the inverter switches that perform shoot-through
conduction also will face greater current stress and switching power losses at this condition, and
the MPPT performance and efficiency are negatively affected. Therefore, the definition of the
multifunctional service’s mission profile that is requested from the QSY inverter should take

these aspects into consideration, such that the converter’s operational constraints are respected.

Furthermore, with the contributions made in this work, it is now possible to begin
research studies using the QSY inverter in cooperative control scenarios, where the QSY inverter
and other inverters types, present in a microgrid for example, are controlled synergically to

achieve global energy generation or power quality goals.

Now, considering the drawbacks of the QSY PV three-phase inverter presented in this
work, and despite the fact that a comparative analysis between the single-phase and three-phase
QSY inverter was not carried out here, it is expected that some of the issues of the QSY inverter
may be minimized in a single-phase micro-PV power generation scenario, due to the reduced
values of processed power and required DC link voltages in this context. However, future studies

need to be carried out to prove this hypothesis.

In summary, the QSY inverter presents interesting advantages and its main drawbacks
can be reduced if the solutions alternatives given in this work are considered. Hence, further
research studies in this area are justified. Finally, the present study can aid the conduct of further
studies considering the use of the QSY network and other magnetically coupled impedance

source inverters in PV power generation applications.
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10 Future work

Multiple development paths still needed to be explored considering the application of
the QSY inverter in a multifunctional context. Below, there is a non-exhaustive list of possible

future work topics.

1. Single-phase micro-generation scenario: As discussed in the Conclusion chapter, the
utilization of the QSY inverter in a single-phase scenario could present more advantages
when compared with the three-phase one. In this sense, the conduction of future research
in this area, using the methodologies proposed in this work, is an interesting research path

alternative.

2. Discontinuous conduction mode scenario: In this work, it was considered that the input
current of the QSY inverter operates in continuous conduction mode. However, there is
also the possibility of operating the converter in discontinuous conduction, which could
bring new possibilities and features for the converter. Future analysis could be done to

better explore this situation.

3. Optimization of coupled-inductors design: The coupled-inductors design could be
improved, with the development of a methodology that results in lower core power losses,

equivalent series resistances, and decreased operational temperature.

4. Inverter shoot-through leg rotation strategy: To mitigate problems related to switching
power loss due to the shoot-through conduction, future studies can develop inverter shoot-
through leg rotation strategies, to equally distribute the thermal stresses among the inverter

switches.

5. Multiple MPPT trackers control strategy: The QSY inverter scheme presented in this
work has only one MPP tracker since there is only one connection to the PV array at the
input stage. However, it is possible to connect another PV array in parallel with capacitor

(1, and a different MPPT control strategy could be defined to handle this new situation.

6. Definition of a transformerless galvanic isolation strategy: There is an increasing trend
in using transformerless PV inverters. Regarding the QSY inverter, future studies can
propose hardware or control modifications that enable galvanic isolation without the need

of inserting transformers, reducing the issues related to PV leakage currents.

7. Optimal exploitation of ancillary services execution: Future studies can define different
control strategies that enable improved exploitation of the ancillary services capacity of the

QSY inverter. To achieve this objective, the definition of optimum DC link voltage values,
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10.

11.

12.

13.

selective harmonic compensation control scheme, or the insertion of a third harmonic to

increase the M range could be considered as alternatives.

. MPPT techniques considering partial shading: In PV power generation systems, partial

shading is a common problem. In this work, the MPPT technique employed did not take
care of this issue. Plenty of multiple MPPT techniques can be used in partial shading
scenarios. Among these techniques that can be found in the literature, (SAJADIAN;
AHMADI; ZARGARZADEH, 2018) proposed an MPC technique that is more suitable
for impedance-source network converters. Based on this reference, future studies can be

carried out to develop more sophisticated MPPT strategies for the QSY inverter.

. Application of the QSY inverter in cooperative control scenarios: As mentioned in

the Conclusion Chapter, with the methodologies developed in this work, it is possible to
conduct future studies using the QSY inverter in cooperative control scenarios, exploiting

the characteristics of this converter in this new context.

Solutions for EMI issues: The QSY inverter has pulsating current and voltage waveforms.
This characteristic implies a greater concern regarding issues related to electromagnetic
interference. Hence, future work can be done to explore solutions to this aspect of the

converter.

Non-ideal grid voltage case study: In this work, the grid voltage is assumed to be
balanced and purely sinusoidal. However, in reality, grid voltage imbalance and the
presence of harmonic content may occur. Therefore, the behavior of the QSY inverter
could be investigated in this case, considering controller stability, MPPT, and PLL tracking
performance, and other operational aspects in this adverse scenario.

Further studies of ancillary services execution impact on QSY inverter: Additional
comparative analyses can be undertaken by examining various scenarios in which the QSY
inverter provides ancillary services. For example, a comparison can be made between the
scenarios in which the QSY inverter injects both active power and ancillary services during
the day and the one in which it injects only active power during the day while executing
ancillary services exclusively at night. This comparative assessment will provide insights

into the operational stresses on the converter.

Control system stability analysis: The various control loops within the QSY inverter
system exhibit a degree of coupling, potentially influencing the relative stability margins
of the closed-loop system. Therefore, future studies can be made to assess this situation

and determine the operational conditions needed to ensure stability.
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APPENDIX A - Coupled-Indutor data

Table A.1 — Coupled inductors data

Core TT 13500-5
N7:Ny:Ns 37:112:186 = (1:3:5)
2-3:5:1
Possible 6 values - N;:No: N3 3-1:5:3
4 -5:3:1
IR0 S—maz pET Winding 15A
I, per winding 32A
Vpr per winding 900 V
Operational frequency 18 kHz
Geometry Toroidal
Core material Sendust S60
Magnetic permeability 60 H/m
Winding type Litz - 6x20 AWG
5.30 uH - 3:5:1
Lkgeq-NliNQ:Ng; 5.30 ,UJH-531
9.08 uH - 1:5:3
2.09 mH - 3:5:1
Lm-NliNgiNg 5.74 mH - 5:3:1

0.217 mH - 1:5:3

4.04, 14.93,4.86 uH- 3:5:1
Lkla Lkg, Lkg - N1:N22N3 1493, 404, 4.86 [LH- 5:3:1
4.86, 14.93,4.04 uH - 1:5:3

0.45,1.04,0.08 ©2- 3:5:1
N1, TN2, TN3 - NliNQZNg 104, 0.45 , 0.08 ©2- 5:3:1
0.08, 1.04, 0.45 2 - 1:5:3

Weight 24 kg
Gexts Gint, height 144, 66, 37 mm
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APPENDIX B - LCD snubber flowchart

[ Set parameters @
v

[ Set auxiliary variables@

................... 7 2

ev""
o*

( For Vp(i) in

Vbemin: Vbemax
v

Calculate V4 (i) ]
v

Calculate AV, (j) ]
L

Calculate C(j), Ls(j) ]
L 2

g Calculgte ILsm_ax (])' IDSZTnax (]): A
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----------------------------------------------------
. .
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Figure B.1 — Design algorithm flowchart
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APPENDIX C - A; and A> matrices \

factors

N, — _ ILin +ry1+ree+ 0 (rve+7101) +0 (0 (rvs +1rs) =0 (rve +7re1))
1=- - (1)

M (0rNg —7Tc1 —rN2+ 07N +0rs+07c1)
= Lin (N2 = Ny) ©

0—1
A3 = I (C.3)
A ! (C4)

T LG .

Ny (6 (ryz+1s) =8 (rye +701))

A5 = L. (N, =Ny (C.5)
N2 (ryg +rys+rsg+r
g = — 1 (rn2 + 73 52 c1) (C.6)
Ly (N2 — N3)
Ny

A7 = I N, — ) (C.7)

5/
Ag = o (C.8)

Ny

Adg=———"—— (C9
9= G (N, — Ny) (C.9)

1
Ao =—— (C.10
10 G (C.10)

—(ry1+71e2) (N2 4 TrLin+Te1) Ny + Ny

A= - 5 C.11
: Lip 0% Lin " Liy 6" (N1 4+ Ns) (rp +7a) (CD
rN1+To2 TNzt Te1 Ny + N,
- - 12
N =T Lin ( Lono (Ny + N3)> (rvs 6 +7p) (C.12)
_ Ny (N7 + Ny) Ny (rnv1 +71c2) N1 (Ni+ No) (rys+1p)
M = 2 - 5 (C.13)
(N1 + N3) (N1 + N3) L, (Ny 4 N3) Lin
1
Ay = "I (C.14)
Ny — N
A5 = — 2B (C.15)

Li, (N1 + N3)

(rpd4+ry1+71c2) T2 Ny + Ny rc1

Mg = — - ) C.16

16 .57 + I + T8 (N + Ny) N3O + I ( )

(rp+7rn1+re2) (rne +re1 + Ro) Ny + Ny

A7 = — — 6 (C.17

17 T.o7 I + I (N, 5 N3 rn3 0 (C.17)

- ( Ny Ny (N1+N2)) (rp +7rn1 + 7o) (Nl (N +N2)) N3 (C.18)

18 = - — .

(Nl + NB) (Nl + N3>2 Lo (Nl + N3)2 Lo
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1
Ag = I (C.19)

Ny — Ny

L, (N, + Ny)

N1(0(rp +7n3) + 7Nt +702)
L, 6" (N1 + Ns)

Ni(rp +7Nn1 + N30 + 7c2)
L., & (N1 + Ns)

N12(7"D +ry1 4 TN+ To2)
Lo (N, + N3)*

Ay = (C.20)

Ao1 = —

(C.21)

Ao = (C.22)

Aoz = — (C.23)

N
Aoy = C24
%= TN, + Ny (C.24)

1
Aoy = — (C.25
5= ( )

1
Ao = —— (C.26
2 cn (C.26)

Moy = — o7 (C.27)
1
- (C2
Aosg Gy o (C.28)
N
Dog = — ! (C.29)

Cy (N7 + N3)
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