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ABSTRACT

The use of fossil fuels, such as coal, oil and gas, has caused considerable climate degradation.
This has made that clean energy sources play an important role in the world’s energy portfolio,
where the photovoltaic (PV) technology has emerged as a reliable solution in the industrial
and small scale applications.

Photovoltaic microinverters are being increasingly used in small-scale PV applications,
particularly in houses, buildings and commercial facilities, where occur some obstructions due
to different orientations of the structures, leaf, cloudy days, and close objects, which impact
on the power generation of the panel. Moreover, this is, probably, one of the most competitive
PV market segments where tens of companies develop and manufacture microinverters.

The main advantage of the PV microinverter configuration is that the tracking of the
maximum power point is individual for each PV panel, reducing the partial shading, module
mismatch and the impact of the orientation. Nevertheless, the efficiency is lower compared
to other PV configurations due to a high voltage effort is necessary to connect a PV module
into the grid, which is usually achieved by two-stage converter. A high frequency isolated
DC-DC converter followed by an unfolding inverter is one of the most used concepts in the
market.

On the other hand, during the last year, the single-stage topologies have been proposed
in the literature, since only one power conversion stage is required to extract the maximum
power of the PV module and inject the AC power into the grid, which could improve the
efficiency of PV microinverter configuration. But, the main challenge of these topologies
is their control because all variables of the converter are composed by AC waveform and
DC-bias.

Therefore, the goal of this thesis is to analyze and develop three non-linear control strate-
gies to regulate the single-stage topologies and evaluate the best alternative. These strategies
are Finite Control Set-Model Predictive Control, flatness-based control and sliding mode con-
trol, which have been validated through simulations for a typical single-stage topology with
differential connection. Based on the three non-linear control methods analysis, it will be
selected one of them to validate through experimental tests.

Keywords: photovoltaic energy, PV microinverters, single-stage topologies, Finite Con-
trol Set-Model Predictive Control, flatness-based control, sliding mode control.
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RESUMEN

El uso de combustibles fésiles, como el carbdn, el petrdleo y el gas, ha provocado una con-
siderable degradation del clima. Esto ha hecho que las fuentes de energia limpia jueguen un
papel importante en la cartera energética mundial, donde la tecnologia fotovoltaica ha surgido
como una solucién confiable en aplicaciones industriales y de pequena escala.

Los microinversores fotovoltaicos se utilizan cada vez maés en aplicaciones fotovoltaicas a
pequena escala, particularmente en casas, edificios e instalaciones comerciales, donde varias
obstrucciones ocurren debido a las diferentes orientaciones de las estructuras, hojas, dias
nublados y objetos cercanos que impactan en la generacién de energia del panel. Ademds,
este es quizas uno de los segmentos del mercado fotovoltaico més competitivos donde decenas
de empresas desarrollan y fabrican microinversores.

La principal ventaja de la configuracién microinversora es que el seguimiento del punto
de méxima potencia es individual para cada panel fotovoltaico, lo que reduce el sombreado
parcial, el desajuste del médulo y el impacto de la orientacién. Sin embargo, la eficiencia
es baja en comparacién con las otras configuraciones fotovoltaicas debido a que el rango de
elevacion de voltage para conectar un médulo fotovoltaico a red es alto, generalmente logrado
por un convertidor de dos etapas. Uno de los conceptos mas utilizados en el mercado consiste
en un convertidor DC-DC aislado de alta frecuencia seguido de un inversor unfolding.

Por otra parte, las topologias de una etapa se han propuesto en la literatura en los iltimos
anos debido a que solo se requiere una etapa de conversién de energia para extraer la potencia
maxima del médulo fotovoltaico e inyectar energia alterna a la red, los cuales podrian mejorar
la eficiencia de la configuraciéon microinversora. Pero, el principal desafio de estas topologias
es su control porque todas las variables del convertidor estan compuestas por una componente
AC y otra DC. Por lo tanto, el enfoque de esta tesis es analizar y desarrollar tres estrategias
de control no lineales para regular las topologias de una etapa y evaluar la mejor alternativa.
Estas estrategias son: control predictivo, control basado en la planitud y control en modo
deslizante, que se han validado mediante simulaciones para una topologia tipica de una sola
etapa de conversién con conexién diferencial. A partir del andlisis de los tres métodos de
control no lineales, se determinara la mejor alternativa para ser validada mediante pruebas
experimentales.

Palabras claves: energia fotovoltaica, microinversores, topologias de una sola etapa,
control predictivo, control basado en planitud, control en modo deslizante.
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Chapter 1

INTRODUCTION

1.1 Overview of photovoltaic energy

The use of fossil fuels to solve the electricity demand generates an important amount of
greenhouse gas emissions, which contributes directly in the climate crisis. To help reduce
these emissions, renewable energy sources have emerged as a reliable solution, where solar
photovoltaics and wind play a significant role in this energy revolution.

Over the last decade, the solar PV has become the fastest-growing energy, due to decreas-
ing cost of the solar panels and technological advancements together with stable initiatives
to incorporate the renewable energies in the power sector. For example, around 115 GW of
PV power capacity was added in 2019, as shown in Fig. 1.1 [1].
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Figure 1.1. Solar PV global capacity since 2009 to 2019 [1].
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For electricity generation, the most competitive option in several countries is the solar
market. During 2018, eleven countries installed at least one GW of solar photovoltaic capacity.
The annual installation in Latin America have presented a fast expansion, because of the solar
source is abundance, the number of residential and commercial facilities are increasing, and
several industries are investing and installing solar PV plants to energize their activities.
Among these industries, the Chilean copper mine industry installed 200 MW of solar PV and
wind power capacity in 2018 [2].

1.2 Overview of grid-connected PV system

In order to connect the PV modules into the grid, a PV inverter is used, which extracts the
maximum power from the PV system and injects a sinusoidal current into the grid. The
generic structure of the grid-connected PV system is shown in Fig. 1.2.

DC-DC converter PV Low-frequency
PV system (optional isolation) inverter transformer
LH L HE HE S -oo—e
T 1T T >
Input DC Output
filter OPTIONAL| link filter OPTIONAL

Figure 1.2. Generic grid-connected PV system.

In the PV system, the PV modules can be organized in strings (series connected modules)
or in arrays (parallel connected strings), and even a single module can be used.

In most of the cases, the PV system is followed by a passive filter, as a capacitor DC-link,
which allows decoupling the input voltage and current from the other stages. Then, a PV
inverter is employed to perform the DC-AC conversion from the PV side to the grid. Also,
the PV inverter is connected to the grid through an output filter (commonly an inductor, or
LC or LCL) to reduce the harmonics.

A DC-DC stage can be integrated in the system, which is used to match the voltage and
incorporate the maximum power point tracking (MPPT) of the PV system. In some cases,
this stage provides the galvanic isolation through a high-frequency transformer. Also, an input
filter (usually a capacitor) is required to fulfill the same function of the DC-link capacitor,
which was explained in the previously paragraph. In this case, the DC-link capacitor is used
to connect the DC-DC converter with the PV inverter.

Notice that, if the DC-DC converter does not provide isolation, a low-frequency trans-
former can be employed.

The generic structure presented previously is a basic approach of grid-connected PV sys-
tems. However, this structure can change depending on size, power and configuration of the
PV plant, and the grid requirements of each country. Therefore, the application establishes
different configurations of the PV systems.
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1.2.1 PV Configurations

The level of the installed PV power capacity is a factor to define the configuration of grid-
connection of the PV systems. These configurations can be divided into four groups, which
can be from a single PV module around 200-300 W to a PV plant with more than 500 GW.
The main features, advantages and disadvantage of each PV configuration are presented in
the next subsections.

1.2.1.1 Centralized configuration

In the 1980s, the first PV plant based on a central configuration was introduced in the grid [3].
This architecture is widely used for large-scale plants (from tenths of a MW installed to unit
sizes of 100-1000 kW). The PV modules are connected in strings (PV connected in series),
which are connected in parallel through string diodes to achieve the high power level. Then,
these groups of the PV modules are connected to the grid through a single inverter, as depicted
in Fig. (a) of the Table 1.1.

The central structure is simple, because only one control set is implemented. However,
several limitations, such as, the power losses under partial shading or non-uniform conditions
due to a single MPPT, the power losses in the string diodes, high voltage DC cables and
non-flexible design can be identified [4].

1.2.1.2 Multi-String configuration

The general structure of the multi-string configuration is shown in Fig. (b) of the Table 1.1.
Each PV strings is connected to the central inverter through independent DC-DC converter.
The main functions of the DC-DC stage are to introduce a separate MPPT for each string,
match the input voltage level and provide galvanic isolation.

The introduction of several DC-DC converters is an advantage compared to the centralized
configuration, allowing the decouple between the PV systems and the inverter, the integration
of different module technologies in the same PV system (flexible design), and the individual
control of each string.

Multi-string configuration is popular in small and medium scale PV plants. Nowadays,
this configuration has been incorporated in the large scale market.

1.2.1.3 String configuration

The string configuration is composed by a single series connection (string) of PV modules,
which is connected to the grid through an inverter (one-stage). This approach is a reduced
version of the centralized configuration with an independent MPPT for each string. The
general structure of the string configuration is depicted in Fig. (c) of the Table 1.1.

If the PV string voltage is low, a DC-DC stage can be incorporated in the architecture
to increase this voltage for grid-connection. In some countries, DC-DC converter with a high
frequency transformer is used to provide the galvanic isolation.

The advantages of this configuration are the elimination of the losses associated with the
string diodes and the modular structure due to the individual MPPT.

In addition, the string configuration is widely used for small and medium scale, specially
for rooftop applications.
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Table 1.1. Summary of grid-connected PV configurations.
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1.2.1.4 Microinverter configuration

In traditional microinverter configuration or AC-module configuration, a single PV module
is connected to the grid through a two-stage converter composed by a DC-DC converter and
an inverter, as shown in Fig. (d) of the Table 1.1.

The main advantage of the microinverter configuration is that the maximum power point
tracking (MPPT) is individual for each module in the PV system, reducing the impact of
orientation, partial shading, and module mismatch. However, the power converter efficiency
is lower regarding other PV configurations, because a single module to grid connection requires
a high voltage step-up effort by the converter, usually achieved by the DC-DC stage with high
frequency (HF) isolation [5].

In addition, microinverters have a higher cost per kW compared to other PV system
configurations, since the power electronics are distributed among all modules, and each one
needs dedicated controllers, sensors, heat sink, housing etc. For that reason, the microinverter
configuration is implemented for rooftop applications.

1.3 Microinverter context

The demand for solar energy has expanded rapidly in the last years, which has turned it
into the most competitive option in electricity generation. The large-scale projects are the
mainstream market which provide important percentage of the annual PV power capacity
installed. Also, the residential, commercial, and industrial rooftop solar PV systems are
growing in the PV market, as reported in the latest analysis by Global Market Insights Inc,
where the global microinverter and power optimizer market was valued at USD 550 million
in 2015, and it is expected to exceed USD 1.4 billion by 2024 [6]. For example, the Europe
market in 2015 was expanded over 10% regarding last year, as shown in Fig. 1.3. In this
figure, it is also possible to observe the expected growth of the residential, commercial and
utility market during the forecast period (2016-2024).

Moreover, the favorable government policies for use of renewable energy promote the in-
stallation of the solar panels in rooftops. Several countries such as Spain, Indonesia, Romania
and Malaysia introduced new incentives programs for small-scale solar energy consumption.
An example of this initiative is the rising penetration of rooftop systems in Australia’s grid,
where around 2 million Australian homes and companies generated their electricity by rooftop
solar systems in 2018 [2]. Another example is the U.S microinverter market, which is predicted
to grow at 15 % from 2016 to 2024.

In the commercial sector, several companies invest and develop microinverter technologies
as Enphase, Hoymiles, ReneSola, Chilicon Power, LeadSolar and others. The main products
of these companies are given in Table 1.2.

In the academic literature and in the commercial products, it is possible to identify four
main architectures for grid-connection of a single PV panel, as shown in Fig. 1.4. The high
switching frequency inverter was the classical solution to implement in the commercial prod-
ucts, which is composed by two stages of power conversion: a DC-DC converter followed by
a DC-AC converter, as it can be observed in Fig. 1.4(a). The DC-DC converter elevates
the PV voltage to peak voltage of the grid, tracks the maximum power point of the panel,
and in some cases provides the galvanic isolation, while the inverter stage injects a sinusoidal
current into the grid. This architecture presents a low efficiency due to the power devices of
the DC-AC converter which are operated at high frequency.
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Figure 1.3. Europe solar microinverter and power optimizer market size (MW) by application
between 2013 and 2024 [6].

In order to increase the overall efficiency, the unfolding inverter is proposed, its struc-
ture is presented in Fig. 1.4(b). This inverter has the same number of the stages that the
previous architecture. The DC-DC converter is performing the MPPT (and optional gal-
vanic isolation). The output current is controlled to follow a rectified sinusoidal waveform.
Then, the inverter is switching at line frequency to unfold the current into a full sinusoidal
waveform. Therefore, a high efficiency can be reached with this solution, because only the
semiconductors of the DC-DC converter are switched at high frequency.

In the last years, some researches have focused on single-stage topologies since only one
power stage is necessary to perform MPPT and control the grid current. The efficiency could
be increased. The most common solution is the differential mode connection of two DC-DC
converters, which shared the input source, as seen in Fig. 1.4(c). The output of each DC-DC
converter is composed by a sinusoidal waveform and a DC-bias, which is canceled through
the differential connection, obtaining only the AC component at the output. However, the
efficiency of these converters is not high enough to compete in the microinverter market. In
order to solve this, another single-stage architecture is proposed, which are based in bypass
mode connection, as illustrated in Fig. 1.4(d). These topologies are also composed by two
DC-DC converters, where each converter operates in the half cycle of the line frequency.

The typical solution with differential connection is the dual boost inverter, which is com-
posed by two bidirectional boost converters. In the literature, few studies of efficiency of this
inverter are found, where the maximum efficiency achieved in experimental results is around
85 %, as shown in [7]. One alternative to increment the efficiency is to use coupled inductors,
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Figure 1.4. General structure of the main architectures of PV microinverters topologies:
(a) High switching frequency inverter with DC-DC stage, (b) unfolding inverter with DC-
DC stage, (c) single-stage differential mode connection, and (d) single-stage bypass mode
connection.

which increases the voltage ratio of the inverter. The efficiency estimated for this topology
is 95.6 % in [8]. Also, one work reported that the efficiency with this structure is 97.5 % [9].
On the other hand, the efficiency reported for the inverter in the bypass connection is around
85 %, as shown in [10]. In another work [11], the efficiency of the inverter with configurable
filter is 93.82 %. And, the isolation alternative for this architecture presented an efficiency of
89 % [12].

Therefore, it is possible to observe that this technology is still under development consid-
ering that new topologies have been proposed to improve the efficiency in the last years. But,
a challenge of the differential connection inverters is their control strategies.

1.4 Motivation

As mentioned in the previous section, the high switching frequency inverters were the initial
solution to implement in the PV microinverter applications. However, the efficiency is the
main disadvantage of these topologies since the DC-AC stage operates at high switching
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frequency. The unfolding inverter was proposed to solve this issue. In this case, the power
devices of the AC-DC stage are switched at the grid frequency, improving the overall efficiency
of the system. The unfolding approach is the mainstream technology used in the available
commercial products.

Also, there are several researches about the single-stage topologies. In this case, the
efficiency could be improved since the power conversion is achieved in only one stage and
it could exhibit potentially fewer losses. However, this technology is in the early stage of
development. Despite several progressive improvements have been done in new topologies,
the efficiency is still very low.

Nevertheless, the biggest underlying problem for single-stage topologies is not only new
circuit with more efficiency, but also restrictions and challenges arise from the control per-
spectives. In fact, these topologies are very difficult to control, because the operation point
of each DC-DC converter presents large variations making the linearization process a difficult
task. It is important to note that, each variable of the converter including the duty cycle is
composed by DC and AC components. Thus, the main objective of this thesis is to solve the
control issues of the single-stage topologies.

The control of the single-stage topologies is a great challenge since the inverter is not a
conventional switching converter. In this case, the output of the converter is composed by
a sinusoidal waveform with a DC-bias, and then all the variables of the converter have DC
and AC components. Therefore, the design parameters used in the cascaded linear control
scheme are not easy to apply. Also, the duty cycles of the converters are not regarded to the
grid current, which generates an indirect control of the system.

In several works, a cascaded linear control strategy is used to regulate the output sinusoidal
voltage of each DC-DC converter in the single-stage topologies. The scheme proposed is
composed by an outer control loop for the capacitor voltage and an inner control loop for the
inductor current, where proportional-integral controllers are used for both loops. In [7,13,14],
this control scheme was validated experimentally in a laboratory prototype for a non-linear
load. For the grid connection of the inverter, few works with experimental prototype are
found in the literature. In these cases, the proportional resonant controllers have been used
in the cascaded control loops. In [15] and [16], a set-up transformer is used to achieve the
grid connection.

1.5 Goals and contribution of the thesis

The work of this thesis focuses on the study of three non-linear control strategies for the
single-stage topologies for PV microinverter configuration.

Three non-linear control strategies are proposed and developed in this research. The first
method is based on the predictions of the behavior of the system variables. This technique is
known as Finite Control Set-Model Predictive Control. The second method is flatness-based
control, which is based on a property of the differential algebra to regulate the system through
a flat variable. Finally, sliding mode approach is proposed to connect the inverter into the
grid. This approach has already been reported for a single-stage topology, where a voltage
control is implemented for the inverter with resistance load, but the grid connection is not
presented. Consequently, three goals are proposed:

e The Finite Control Set-Model Predictive control is based on the model of the power con-
verter. Thus, the first objective is to propose a discrete model of the system, considering
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the individual control of each DC-DC converter.

e In the flatness-based control, the objective is to analyze and develop a control strategy,
which regulates the output voltage of each DC-DC converter through the stored energy
in the components of the inverter (inductors and capacitors) and its derivatives.

e In the sliding mode approach, the goal is to develop a current control to regulate the
grid current of the inverter and the difference between the current of the inductors.

Finally, the contribution of this research is to determine the most appropriate control
strategy for the single-stage architectures, complementing the study and development of new
topologies.

1.6 Outline of the thesis

The thesis presents a detailed analysis of the non-linear control strategies for single-stage
topologies in PV microinverter configuration. Therefore, the main issues found in the microin-
verter topologies are described in order to explain the main motivation, goals and contribution
of the investigation, which are presented in Chapter 1.

Chapter 2 shows a review of the microinverter topologies found in the academic and indus-
trial field, and a classification of these topologies are proposed, where four main architectures
are identified. Also, a short comparison of these architectures is presented at the end of the
chapter.

In Chapter 3, the analysis of the three non-linear controls used to regulate a single-
stage topology is presented. Simulation results are also shown to validate the proposed
strategies. Furthermore, a comparison between the linear control and the three non-linear
control methods is performed to determine the control strategy, which will be validated in
the experimental prototype.

In order to validate the non-linear proposed control, the experimental results are shown
in Chapter 4. Moreover, the discussion about behavior of the converter with the proposed
control strategy is also presented.

Finally, the conclusions and comments derived from this research are included in Chap-
ter 5.
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Table 1.2. Examples of microinverters.
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Chapter 2

MICROINVERTER TOPOLOGIES

The AC-module configuration is composed of the DC-AC converter, which connects a PV
module to the grid. As mention before, the main advantages are that the maximum power
point tracking is implemented for each PV module, reducing the partial shading and module
mismatch. Also, other advantage is the modularity, allowing to increase the installed power.

Although the AC-module configuration presents several advantages, the power converter
efficiency is the main challenges of this configuration due to it is lower regarding to the
other PV configurations. In order to solve this issue, a large amount of topologies have been
proposed in the academic and industrial field. Therefore, a detailed review of the existing PV
microinverter topologies is provided in this chapter.

A classification of the main PV microinverter topologies found in the literature is proposed
in Fig. 2.1. The proposed categorization considers the number of stages of power converters,
the types of inverter topologies, and the presence or absence of galvanic isolation in the global
architecture.

MICROINVERTER TOPOLOGIES

T
s ] 4

SINGLE STAGE |- TWO STAGES -| |— MULTI STAGES

— |
 S—
 —

o & & &
Differential mode Bypass mode Unfolding High switching
connection connection inverter frequency inverter
Non-isolated —® with non-isolated ~ [—® with non-isolated
DC-DC converter DC-DC converter
Isolated
L——® withisolated ———® with isolated

DC-DC converter DC-DC converter

Figure 2.1. Classification of PV microinverter topologies with galvanic isolation and without
galvanic isolation.

11
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2.1 Single-stage topologies

In small scale applications, a photovoltaic module is generally connected to the grid through
two stages converters. The input voltage is boosted beyond the peak voltage of the grid by
the first stage, a DC-DC converter, which is then converted to AC by the second stage, the
grid-tie inverter [5]. However, the efficiency of a two-stage conversion system, particularly
when a high step-up voltage DC-DC stage is required, is the main disadvantage of such
architecture. Size, cost, and reliability are other factors to take into account. In this context,
single-stage power converters have been proposed to improve the overall efficiency, by reducing
the number of components in the system.
The main challenge of single-stage topologies is to fulfill two functions with a single converter:
step-up the input voltage and accomplish the grid connection.

In this section, single-stage PV microinverter topologies based on the differential and
bypass mode connection are presented and detailed.

2.1.1 Differential mode connection

The generic concept of voltage step-up single-stage differential inverter is shown in Fig. 2.2.
The inverter is composed of two bidirectional DC-DC converters, which share the same input
source, while their output voltages are connected in differential mode. Each DC-DC converter
presents a sinusoidal output voltage with a DC-bias (Vp¢), as shown below

vac(t)

Van(t) = Voo + 5 (2.1.1)
vac(t
Vpn(t) = Vbe — % (2.1.2)
V.
Vany () = Ve + % sin(wr)
DC-AC
Converter Ve
(opt. isolation )
T ~TTN Uy ¢
| 1 DC | a Uab
| ——
i — DC |
|
= ! Converter 1 i [Uab :
| DC !
l — T
Singl no > °
mgie .
PV Midule |\ Converter 2 'l Up van(f) = Vac sin(wr)

v
Ubn(?) = Vpe — %C sin(wt)

Figure 2.2. The generic concept of a single-stage step-up differential mode inverter.
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Figure 2.3. Dual boost inverter topology.

The AC component of the output signal of each converter is in the opposite phase re-
garding the other converter. Thus, considering the same DC component for both converters,
the output voltage of the inverter is given by

Vab(t) = Van(t) — Upn(t) = Vac sin(wt) (2.1.3)

where Vjc is the amplitude of the output voltage of the inverter. By generating opposite
phase AC signals, the total converter output voltage doubles the individual converter AC
amplitude.

In the literature, several bidirectional DC-DC converters have been used, e.g., boost
[7,13-15,17-19], flyback [20,21] and ¢uk [22-24]. The bidirectional converters are necessary
due to a circulating current is presented between the inductors.

2.1.1.1 Non-isolated single-stage converters

i) Dual boost inverter: One of the most popular topologies in this group is the dual
boost inverter (DBI) originally introduced in [17]. The power circuit of the DBI consists of
two bidirectional DC-DC boost converters, as shown in Fig. 2.3 for a grid-connected applica-
tion. Notice that the outputs of the two DC-DC converters are connected to the grid through
a symmetrically divided inductive filter L.

ii) Dual boost inverter with coupled inductors: One disadvantage of DBI is that
a high voltage ratio is not possible to achieve. An interesting solution to solve this issue is
employed DC-DC converters with coupled inductors presented in [9] and [8]. The DBI with
coupled inductors is shown in Fig. 2.4. The output voltage dependents of the duty cycle and
number of turns of the coupled inductors.
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2.1.1.2 Isolated single-stage converters

i) Dual flyback inverter: A single-stage topology with galvanic isolation is presented in
Fig. 2.5, which is composed by two bidirectional flyback converters. In [21], a dual flyback in-
verter of 160 W is simulated. Notice that, four power semiconductors and two high-frequency
transformers are necessary to generate the sinusoidal output voltage, which can increase the
size of the inverter.

Converter 1

+ va

Converter 2

Figure 2.5. Dual flyback inverter topology.

ii) Dual ¢éuk inverter: The inverter in Fig. 2.6 is composed by two DC-DC isolated
¢uk converters, which was outlined in [22]. The original modulation scheme is based on
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continuous switching of semiconductors, which generates the circulating power. Mehrnami
and Mazumder proposed a discontinuous modulation scheme for dual ¢uk inverter. In this
approach, each DC-DC converter is activated in alternated half of line cycle, as shown in [23]
and [24]. The efficiency with the discontinuous modulation scheme improves significantly,
because the circulating power is eliminated in the inverter.

Converter 1

+ va

Converter 2

Figure 2.6. Dual ¢uk inverter topology.

2.1.2 Bypass mode connection

The general concept of the single-stage inverter with bypass connection is presented in Fig. 2.7.
The power circuit is composed by two DC-DC converters, which are connected in parallel
at the input voltage source. Each DC-DC converter is activated in one half cycle of the
fundamental grid voltage by the semiconductor devices (S4 and Sg).
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Figure 2.7. The generic concept of a single-stage step-up bypass mode inverter.
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One bypass inverter topology has been proposed in [10], which is composed by two buck-
boost converters. The topology is shown in Fig. 2.8. The semiconductors S; and S are
switched at high frequency. During the positive half cycle of the grid voltage, S; is turned
ON and Sj is kept active. Meanwhile, S is turned ON during the negative half cycle and
Sp is kept active. The structure of this proposed topology is simple and symmetrical. Also,
the switching and conduction losses are reduced due to only one semiconductor is switched
at high frequency in each half cycle. For this reason, the bidirectional DC-DC converter is
not necessary.
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Figure 2.9. Dual boost inverter topology with configurable CL filter.

On the other hand, the bypass mode connection concept is used in [11]. The power circuit
includes two buck-boost converters with a configurable CL filter circuit, as shown in Fig. 2.9.
The main advantage of this inverter is that the grid inductor is omitted, because in each half
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line cycle, one of the converters operates as a buck-boost, while the inductor of the other
converter is part of the CL filter.

Another topology derived from the bypass concept is depicted in Fig. 2.10. The flyback
inverter is composed by three power devices, two diodes and a transformer with center-tapped
secondary winding, as presented in [12,25,26]. The main semiconductor S of the flyback
inverter is operating at high frequency, which is connected to the primary winding of the
transformer. Each secondary winding is activated during the half cycle of the grid frequency
through the semiconductor Sp or Sg depending on the grid.

s
D, !
. Filter E\J)vs
Grid
;: CpV
D, T
S% s,

Figure 2.10. Flyback inverter topology.

2.2 Two-stage topologies
2.2.1 Unfolding inverter

Among all the alternatives of the microinverter topologies, one of the most used concepts
considers a two-stage approach, as represented in Fig. 2.11. The first stage is a step-up
DC-DC converter used for input voltage elevation and performing MPPT, followed by an
unfolding inverter for the grid connection.

Us

>311/155V 220/110 V
~30V . 50/60 Hz
J_ DC /7 DC
T /’::I Uy
4 DC AC p—16d
Single DC-DC converter Unfolding
PV Module (optional isolation) Inverter

Figure 2.11. General structure of the unfolding inverter with DC-DC stage.

The main feature of these topologies is that the output current of the DC-DC stage is a
rectified sinusoidal. Hence, the second stage unfolds the current into an AC waveform. In
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this way the DC-link capacitor between the DC-DC and DC-AC stage is not necessary and
only the DC-DC stage is operating at high frequency while the inverter stage is switching at
fundamental frequency. Therefore, only the conduction losses are presented in the semicon-
ductor devices, which allows the used of other type of semiconductor, as such TRIAC’s or
IGBT’s, improving the efficiency.

For this topology, different DC-DC converters with or without galvanic isolation have been
proposed, which are presented in the next subsections.

2.2.1.1 Unfolding inverter with non-isolated DC-DC converters

The topologies of this category are based on a buck-boost converter. Fig. 2.12(a) shows the
basic topology, where only one power device is switched at high frequency. Also, the DC-DC
converter is operated in discontinuous conduction mode without extra current controller as
presented in [27].

In [28], a switched inductor is introduced in the buck-boost converter as shown in Fig.

2.12(b) to increment the gain of the topology.
The DC-DC stage in the topology of Fig. 2.12(c) is composed by a boost and buck converters
in cascaded. The inverter operates in buck or boost mode depending on the grid voltage, but
it never works in both modes [29,30]. If the input voltage is lower than the grid peak voltage,
the inverter changes between buck or boost mode operation in function of the instantaneous
grid voltage. However, if the input voltage is higher than the grid peak voltage, the inverter
operates in buck mode. The inverter of the aforementioned topologies is an H-bridge, which
the power devices operate at the fundamental grid frequency, as shown in Fig. 2.12(e).

On the other hand, several switched capacitor blocks are used in the DC-DC stage to
increase the input voltage without magnetic components as shown in Fig. 2.12(d). In [31],
the experimental setup presents four switched capacitor blocks, whose inputs and outputs
are connected in parallel and series, respectively. The control scheme is based on sinusoidal
pulse width modulation(SPWM) due to its ease implementation, but the large number of the
power devices is the main disadvantage of this topology.

2.2.1.2 Unfolding inverter with isolated DC-DC converters

This section describes four isolated DC-DC converters, which are used in the unfolding topolo-
gies. The most popular converter with galvanic isolation used in the DC-DC stage of these
topologies is the flyback converter, because its implementation and control are simple with
high efficiency and reliability. In Fig. 2.13(a), the power circuit of the DC-DC flyback con-
verter can be observed, in which a transformer is used to eliminated the electrical connection
between the input and the output of the converter. This DC-DC converter together with an
H-bridge unfolding inverter for PV microinverter is presented in [32]. In addition, a main-
stream commercial topology is composed of two interleaved flyback converters followed by an
H-bridge unfolding inverter [33-35]. This solution was adopted by Enphase, which has been
a successful product in the market released in 2008 (Enphase M175). The interleaved-flyback
converter connected in parallel at the input and output of two flyback converters, as observed
in Fig. 2.13(b). The interleaved connection allows to reduce the size of the high-frequency
transformer since the power is divided by the number of DC-DC converters, and the input
voltage ripple is also reduced.

Another DC-DC isolated converter for PV applications is composed of a PWM inverter
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Figure 2.12. Topologies of the unfolding inverter with non-isolated DC-DC stage.

and a full-bridge rectifier. The inverter contains four power devices and a high-frequency
transformer, which together with the full-bridge rectifier generates the rectified sinusoidal
current [36]. A similar approach is presented in [37] and [38], in which a resonant circuit
is introduced in the primary side of the transformer, as shown in Fig. 2.13(c). These DC-
DC converters are followed by an H-bridge inverter, whose main function is to unfold the
output current, therefore the power devices S; and Sy of Fig. 2.13(e) are turned on during
the positive half-cycle of the grid voltage, while So and S3 remained on during the negative
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Figure 2.13. Topologies of the unfolding inverter with galvanic isolated DC-DC stage.

half-cycle. The topology presented in Fig. 2.13(d) is based on a forward DC-DC converter.
The experimental prototype presents eight multicore forward converters, whose inputs of the
converters are connected in parallel and whose outputs are connected in series [39]. The
parallel connection allows to reduce the current stress in the power devices in the primary
side, and the other advantage of this topology is that the series connection of the outputs of
the forward converters allows to reduce the number of the transformer turns ratio. These eight
DC-DC forward converters are operated in discontinuous conduction mode (DCM) to produce
a rectified sinusoidal current, which is finally unfolded by the current source inverter (second
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stage).

Other interesting topologies for the DC-DC stage are the ¢uk [40] and zeta converters [41].
The output current of these converters is a rectified sinusoidal waveform, which is unfolded
by a current source inverter for grid connection.

2.2.2 High switching frequency inverter topologies

Another solution for grid connection of the PV panel is presented in Fig. 2.14. These topolo-
gies are composed by two power converter stages, similar to the unfolding inverters. How-
ever, the main difference between these two architectures is that a DC-link capacitor (Cpc)
is necessary to decouple the DC-DC stage and DC-AC stage. Also, the semiconductors of
the inverter (second stage) operate with high switching frequency (HSF), which constitutes
another difference.

In addition, other capacitor is used in this solution. The input capacitor (Cpy) of the
architecture decouples the PV voltage and PV current from the power stages.

In this subsection, a topologies review is presented for DC-DC stage and DC-AC stage.

Vs
Upy ij ij
>311/155V 220/110 V
~30V 7, 50/60 Hz
l DC 7 l DC
Teo| 7
Coo| 7 Tcm .
S g Grid
2/ DC AC "
Single DC-DC converter HSF
PV Module (optional isolation) Inverter

Figure 2.14. General structure of the high switching frequency (HSF) inverter with DC-DC
stage.

2.2.2.1 High switching frequency inverter with non-isolated DC-DC converters

As mentioned previously, it is necessary to elevate the voltage of the PV module around 20%
over the peak grid voltage, namely that voltage conversion ratio in the DC-DC stage should
be ten times approximately in the 50 Hz grid. Thus, the high step-up converters are analyzed
below.

A detailed classification of DC-DC converters with widely elevation ratio is proposed by Li
et al.. This classification based on the power circuit structure is divided in five categories: high
step-up converters with coupled inductors, high step-up converters with switched capacitor,
high step-up converters with switched inductor and capacitor, high step-up converters with
coupled inductor and switched capacitor, and high step-up interleaved boost converters. Also,
a category of the high step-up interleaved converters with winding cross coupled inductors is
introduced in this summary, as shown in [42]. It is worth mentioning that several DC-DC
converters analyzed in this review are not originally focused on PV applications. However,
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some topologies can be used for grid connection of a PV panel, as the DC-DC converters with
coupled inductors.

The coupled-inductor approach is widely used in the applications, in which the high volt-
age conversion ratio is necessary, as it is in this case. A wide analysis of the coupled-inductor
converters is given in [43]. The topologies based on coupled inductors in this review are clas-
sified in five categories: cascaded coupled-inductor boost converter, stacked coupled-inductor
boost converter, multiwinding coupled-inductor boost converter, integrated coupled-inductor
boost converter, and interleaved coupled-inductor boost converter. The main features are
high step-up voltage gain without extreme duty ratio, low switch voltage stress, the possibil-
ity of recycling the leakage energy of the coupled inductor with an appropriate clamp circuit,
thus the switch voltage spikes can be reduced, and the input current ripple can be reduced
with interleaved techniques. The boost converters with coupled inductor are considered to be
a promising solution for PV microinverters. In this context, a high set-up DC-DC converter
has been proposed in [44]. The Fig. 2.15 presents the power circuit of this solution. The
high voltage conversion ratio is obtained through the connection of the capacitor, diode and
pairs of inductor. The experimental results indicate that the maximum efficiency achieved is
95.3 % at 40 % of full load. The input voltage used in the tests is 15 V and the output voltage
is 200 V. Therefore, the voltage gain of this DC-DC converter is 13 times with a turns ratio
of five and 55 % of duty ratio.
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Figure 2.15. High step-up DC-DC converter with coupled inductor.

Another solution based on coupled inductor is shown in Fig. 2.16. The topology presents
one passive clamp network (C7, D;) and an intermediate energy storage capacitor (Ca),
together with the coupled inductor (L1, Lo). To validate the DC-DC converter, a laboratory
prototype of 400 W was proposed in [45], in which the input and output voltages reported
were 40 V and 400V, respectively, and the turns ratio of the coupled inductor was four. Under
full load, the efficiency of the converter was 96 % due to the leakage energy is recycled by the
clamp circuit.

In the Fig. 2.17 it can be seen another high step-up converter, which includes two pairs of
switched capacitors and coupled inductors. This topology is employed as part of the DC-DC
conversion stage in the PV microinverter presented in [46]. The next stage is composed by a
full-bridge inverter. This is controlled using a hybrid pulse width modulation (HPWM). In
the experimental validation, the maximum efficiency of the converter is 96 % at 100 W. The
input voltage of the PV microinverter is from 20 V to 40 V and the grid voltage is 220 V5.
Therefore, the elevation ratio of the DC- DC converter is about ten times.
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Figure 2.16. High step-up DC-DC converter with coupled inductor and intermediate energy
storage capacitor.
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Figure 2.17. High step-up DC-DC converter with coupled inductor and HSF inverter.

2.2.2.2 High switching frequency inverter with isolated DC-DC converters

As for the isolated unfolding inverters, the topologies based on flyback converter are widely
employed to achieve galvanic isolation between the PV panel and grid, elevate the PV voltage,
and perform MPPT. In [47], a flyback converter is proposed as the DC-DC stage, followed by
a full-bridge voltage inverter. The power circuit of these topologies are shown in Fig. 2.18.
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Figure 2.18. Flyback converter with HSF inverter.
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The DC-DC converter operates in continuous conduction mode, while the inverter is con-
trolled with carried based PWM to generate two levels of output voltage. One disadvantage
of this topology is that the efficiency can decrease, if the turn ratio of the transformer is
high due to the leakage inductance increases. To overcome this issue, some solutions have
been proposed, one of such topologies is based on an active resonant-clamp circuit and a
voltage-doubler circuit, as shown in Fig. 2.19. The clamp circuit is composed by a capacitor
(C;) and a power device (Sp) to reduce the voltage stress in the central power device S, and
recycle the energy stored in the leakage and magnetizing inductances. On the other hand, the
voltage-doubler circuit consist of two resonant capacitors and two diodes to achieve the turn-
off zero-current switching of the diodes, as shown in [48] and [49]. Thus, the power losses are
reduced. One variation of this topology has been proposed by Choi, in which the secondary
side of the transformer is composed by only one resonant capacitor in the voltage-doubler
rectifier. This high step-up DC-DC converter is part of the first stage of PV microinverter
topology presented in [50], and the second stage is an H-bridge inverter with a sinusoidal
pulse-width modulation. The efficiency in both DC-DC topologies based on flyback converter

approach is around 97 %.
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Figure 2.19. Flyback converter and voltage-doubler circuit with active clamp circuit and HSF
inverter.

Fig. 2.20 shows an alternative solution for PV microinverter. The first stage consists
of the boost-half bridge converter proposed in [51] and [52]. The topology is based on the
conventional boost converter and the dual half-bridge converter. The primary side of the
transformer includes a structure similar to the boost converter, in which two capacitors are
incorporated at the output of this converter (C, and Cp). A voltage-doubler circuit is part
of the secondary side of the transformer. It is composed by two diodes and two capacitors.
The power devices (S, and Sp) of this stage are controlled using complementary duty cycles.
The second stage of this microinverter is a full-bridge inverter modulated with synchronized
PWM. A 210 W experimental prototype is used to verify the operation of topology and its
control. The tests show that the maximum efficiency achieved is between 97-98.2 %, and
the total harmonic distortion is between 0.9-2.87 %. In [53] and [54], a modification in the
DC-DC stage of the previous topology is presented, where the interleaved approach is used
in the primary stage of the converter to reduce the input ripple current and increase the
capacitors lifetime.

In [55], another topology based on full-bridge resonant converter is presented to connect a
PV panel to the grid. The primary side of the transformer of this topology presents the same
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Figure 2.20. Boost-half bridge DC-DC converter with HSF inverter.

structure that in Fig. 2.13(c). However, a voltage-doubler circuit is connected in the second
side of the transformer to generate the output DC voltage, as shown in Fig. 2.20. The main
advantage of this DC-DC converter is that the resonant capacitor avoids introduction of the
DC voltage to the transformer. A similar topology is also proposed in [56], the difference is
that a bidirectional AC switch is incorporated in the secondary winding of the transformer
to obtain high efficiency. This additional switch allows direct power transfer to the load for
a wide range of the duty cycle.

The topologies based on push-pull converter are another attractive solution to increment
the voltage gain of the DC-DC conversion stage. An input inductor (boost inductor), an
LC resonant circuit and a voltage-doubler circuit is introduced in the conventional push-pull
topology, as presented in Fig. 2.21. The soft switching technique is implemented in this
converter to reduce the losses in the power devices. In order to validate the operation of the
proposed topology, a 250 W laboratory prototype is used. An efficiency of 96.6 % has been

presented in [57] for a grid of 220 Vip,s.
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Figure 2.21. High step-up converter based on push-pull topology with HSF inverter.

2.3 Multi-stage topologies

The last category of the global classification of the microinverter topologies is the converters
with several stages of conversions. In the multi-stage topologies, the tendency is to use
galvanic isolation in the DC-DC stage [58]. The high step-up DC-DC converter based on
resonant full-bridge topology has been proposed by Vinnikov. Fig. 2.22 presents the topology
for PV applications. The DC-DC topology is composed of two conversion stages. The first
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Figure 2.22. High step-up converter based on resonant full-bridge converter with HSF inverter.

section is an improved quasi-Z-source network, which includes a power device (MOSFET)
and a coupled inductor to reduce the conduction losses and the current ripple in the input of
the converter. A variation of the resonant full-bridge converter is connected in series with the
previous section. The resonant circuit is located in the second winding of the transformer.
The leakage inductance of the transformer and the capacitors of the voltage doubler-circuit
integrate the resonant network. Then, the DC-AC converter is a full-bridge topology, where
an asymmetrical unipolar PWM is employed [59].
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Figure 2.23. High step-up converter based on full-bridge converter and buck converter in
cascaded with unfolding inverter.

Other topologies with three conversion stages are presented in [60] and [61], which use
the unfolding concept for DC-AC stage. In [60], the full-bridge DC-DC converter and buck
converter are used in the DC-DC converter. The main function of the full-bridge converter
is to elevate the input voltage to 475 V. This DC-DC converter is controlled using phase-
shift pulsewidth-modulation. Then, a buck boost is connected in series with the output of
the bridge diode, as shown in Fig. 2.23. A current-mode control is employed in this stage
to generate a rectified sine-wave output current. In this case, the maximum efficiency is
89 % with a THD of around 5 %. Also, a detailed reliability analysis is presented for this
topology to evaluate the life time of the inverter. In [61], a similar approach of the previously
mentioned topology is used. One difference is in the first stage, because a push-pull converter
is employed in this case instead of the full-bridge DC-DC converter.
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2.3.1 Summary and discussion

In this chapter, a review of different inverter topologies for AC-module configuration is pre-
sented. According to the number of the stages, the topologies can be classified into three
arrangements: single stage, two stages and multi stages, as shown in the Table 2.1. Based
on the type of the inverter and the isolation these arrangements are divided in differential
mode connection, bypass mode connection, unfolding inverter and high switching frequency
inverter.

The single-stage topologies are based on two connection modes: differential mode con-
nection and bypass mode connection, which elevate the input voltage of the PV panel, track
the maximum power point of the PV panel, and connect the PV panel to the grid with only
one power stage. The topologies in the differential mode connection are composed by two
bidirectional DC-DC converters, whose inputs are connected in parallel to the PV panel and
their outputs are connecting to the grid differentially. The output voltage of each DC-DC
converter presents a DC-biased and an AC component. Topologies based on DC-DC boost
converter are the most popular architecture within the differential mode connection inverter.
Also, some topologies with isolated converters are found in the literature, as flyback and éuk
converters. It is worth mentioning that DC-DC converters must be bidirectional because a
power circulating is generated in the inverter due to the differential connection.

On the other hand, the single-stage inverter with bypass mode connection is also composed
by two buck-boost DC-DC converters, which are shared the input source. In this case, each
DC-DC converter operates on half cycle of the grid voltage. The DC-DC converters are
activated in the positive or negative cycle of the grid voltage through the semiconductor
devices. This approach is used in the flyback inverter, where each secondary winding is kept
active during each half cycle of the grid voltage through the semiconductors present in each
secondary winding. Note that, the power decoupling in the single-stage topologies is realized
at the input capacitor.

The two-stage architecture is mainly classified in terms of the DC-AC stage. In the two-
stage microinverters, the DC-DC stage amplifies the PV voltage to a level compatible with
the grid voltage and it also extracts the maximum power of the PV module. The second stage
(inverter) injects the sinusoidal current to the grid (grid connection). The first category of
this architecture is the unfolding inverter. In this solution, the DC-DC converter generates
a rectified sinusoidal current, which is unfolded by the inverter. In this case, several DC-DC
converters with isolated and without isolated galvanic have been proposed. The most popular
converters are buck-boost converter and flyback converter, respectively. One feature of the
unfolding inverters is that the power decoupling is also made in the input capacitor Cp,.

The second category of the two-stage topologies are the high switching frequency inverter,
where the DC-DC converter elevates the PV voltage to over the peak grid voltage. Then,
a step-down inverter on the second stage operated at high switching frequency injects AC
power to the grid. The power decoupling in these topologies is performed at the DC-link side.

The last arrangement is the multi-stage category, in which two DC-DC converters in
cascaded are used before the unfolding inverter or high switching frequency inverter.

The most popular architecture used in the academic and industrial fields is based on the
two-stage approach. One option to inject a PV module into the grid is the topology com-
posed by a step-up DC-DC converter followed to a step-down inverter. In this arrangement,
the decoupling power between the input and output is done through a electrolytic DC-link
capacitor, which presents low capacitance. However, the main drawback is the implementa-
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tion of its control since this inverter operates at high frequency. Thus, the gate drive of the
semiconductors should be able to produce fast turn-on and turn-off transients.

In order to solve this, the unfolding inverter is introduced, where the second stage operates
at fundamental frequency. Thus, a simple control can be employed and the switching losses
can be reduced. However, a bulky capacitor in parallel with the PV panel is used to the
power decoupling.

Another challenge of the microinverters is high voltage boost required to interface the
PV module to the grid. The use of a transformer in the DC-DC converters is an option to
solve this issue, where the flyback converter and full-bridge converter with resonant circuit
are the most used topologies for the isolated solution. However, the used of a transformer
increases the size of the microinverters. On the other hand, the DC-DC converter with high
step-up converters based on the coupled inductors is a practical solution implemented for the
transformerless topologies.

Another important parameter to the comparison is the grid voltage. The voltage gain
for inverters to connect at the European grid is double than at the American grid. For this
reason, the topologies without isolation are generally connected to the American grid, to
avoid issues in the implementation, such as high duty cycles.

To improve the efficiency, several single-stage topologies in the last years have been pro-
posed, which are based on the hypothesis that less conversion stages provide better efficiency.
One solution is the dual boost inverter originally introduced in 1995 by Caceres et. al [17].

As mentioned earlier, to obtain a sinusoidal output voltage, each DC-DC boost converter
generates a sinusoidal output (with opposite phase between each other), relative to a substan-
tial DC-bias (equal for both converters) which is canceled through the differential connection,
leaving only the AC component at the output. Thus, each converter works around an operat-
ing point (the DC-bias) but with a large variable output voltage range (the AC component).
Additionally, the product between the control and state variables, present in the averaged
model of the conventional DC-DC boost converter, shows the high non-linearity of the sys-
tem [18]. Consequently, the main challenge of DBI is in the design of a control strategy. Thus,
some non-linear strategies are proposed in the next chapter.
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Table 2.1. Summary of the microinverter topologies.
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Chapter 3

CONTROL TECHNIQUES FOR
DBI

In power electronics, a widely used strategy to control is the linear approach, which is based
on the averaged model of power converters. The standard control scheme presents one or more
commonly proportional-integral (PI) regulators and a modulation stage. The fast response,
easy implementation, and simple design are some advantages of this control strategy. For
these reason, the linear controller is part of this work. However, the dual boost inverter is
not an easy system to linearize due to its singular operation. Hence, the non-linear control
strategies were proposed and developed in this chapter to regulate the DBI.

These control strategies are Finite Control Set-Model Predictive Control (FCS-MPC),
flatness-based control and sliding mode control. The main features, advantages and disad-
vantages of the linear control and the three non-linear control strategies are summarized in
Table 3.1.

Simulations results are shown in order to validate the control strategies and the converter
for grid-connected PV applications. The last section gives a comparison between the linear
control and these three non-linear control methods .

3.1 Overview of control techniques for DBI

From the introduction of the DBI, several control techniques have been proposed in the
literature, which can be classified into two main groups of control strategies: independent
and global, as shown in Fig. 3.1.

In the first group, each boost converter is controlled individually to generate its respective
sinusoidal output voltage employing linear and non-linear methods. In most cases, a cascaded
linear control scheme is used, with a slower outer control loop for the capacitor voltage, and a
faster (higher bandwidth) control loop for the inductor current. Examples of this control
strategy can be found in [7,13,14], where proportional-integral (PI) controllers are employed
in both loops. However, PI controllers can lead to steady-state errors and phase shifts when
used to control sinusoidal signals. For this reason, proportional resonant (PR) controllers
have been proposed in [15,19], as an alternative to overcome these issues. One common
condition for these control strategies is to ensure that the minimum DC-bias is composed
of the input DC voltage and half of the amplitude of the output AC voltage to achieve the
proper operation of each DC-DC converter.

Also, some non-linear techniques can be found in the group of independent control strate-

30
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Summary of the control strategies for the DBI.
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CONTROL TECHNIQUES FOR DBI

1

o o

|— INDEPENDENT -| |- GLOBAL _|
1

§ ] -
Linear Non-linear Sliding mode
control control
|—© Pl-based Predictive
control

Flatness theory

Sliding mode

Figure 3.1. Classification of control strategies for DBI.

gies. Among them: sliding mode control, with a switching surface composed by the error in
the voltage of the capacitor and the inductor current is presented in [62]; a dynamic linearizing
modulator used to control the capacitor voltage is presented in [63]; the differential flatness
propriety, as shown in [64], where the individual control of the output voltage is indirectly
accomplished through the regulation of energy stored in each boost converter; and Finite
Control Set-Model Predictive Control, where a non-linear discrete model of the DBI is used
to predict and optimize the behavior of each converter, as introduced in [65]. Also, a short
summary of the independent control strategy is presented in Table 3.2

In contrast, in the global control strategy group, the differential output AC voltage of the
DBI is considered to be the main control objective. This type of control was introduced for
the first time in [18], where a cascaded control diagram based on the sliding mode approach
is applied to achieve the sinusoidal output voltage. The external control loop regulates the
output voltage error of the inverter using a PI controller. The inner control loop corresponds
to a switching surface, synthesized from the difference between the current of the inductors
and the external controller output. One advantage of this strategy is the reduction of control
loops, which leads to a decrease in the number of required sensors. An extended analysis of
the equilibrium point for this control strategy is presented in [66], where the DC component
of the capacitor voltages is automatically adjusted to the two-folds of the input voltage.

In most cases, the control strategies have been tested for passive loads (R and RL loads).
Although good performances under perturbations have been achieved, the grid connection has
not been thoroughly analyzed. This is mainly because it is difficult to find a relationship be-
tween the output current and the control variables of the inverter. Nevertheless, experimental
validations of grid-connected DBI can be found in [15,19]. In both cases, the cascaded linear
strategy is used to control individually each boost converter, including an additional control
loop based on active and reactive power. Therefore, five control loops in total are necessary
to connect the DBI to the grid, making the design and implementation of the control system
a complex process. This is particularly an issue for the DBI, which is intended for low power
applications, such as grid-connected photovoltaic microinverters, for which low cost control
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platforms are usually used.

Table 3.2. Review of the independent control strategies for the dual boost inverter.

Author and Control objetives
publication Type of load Control strategy Surface Ref
year
Caceres, 1999 R’ L and non- Sliding mode control o=k (“;1 — i)+ [62]
linear load ka(ve1 — v31)
Sanchis, 2005 R and non-linear Classic control (PI’s) Capamtor voltage and [14]
load inductor current
Jang, 2011 R and non-linear Classic control (PT's) Capaator voltage and [13]
load inductor current
Jang, 2013 Grid-connection Classic control (PR’s) papac1tor voltage and [19]
inductor current
Zhu, 2013 R and RC Classic control (PI’s) .Cap acitor voltage and [7]
inductor current
. . Dynamic linearizing .
Kapil, 2015 Resistance modulator Capacitor voltage [63]
Abeywardana, . . Classic control  Capacitor voltage and
2016 Grid-connection (PR+PI) inductor current [16]

3.1.1 Description and model of dual boost inverter

To implement the linear control and the three non-linear control strategies for the DBI, it is
necessary to define the main features and model of the inverter.

The DBI is composed by two DC-DC bidirectional boost converters, sharing the input
source (PV panel), as illustrated in Fig. 3.2. As it can be observed, the inverter presents
four semiconductor devices, two inductors in the input, and two capacitors in the output.
The grid is connected between the positive nodes of the boost converter outputs (differential
connection). Notice that, MOSFETSs are used as power devices.

In the case that an independent control strategy has been considered to regulate the
inverter, two control signals are defined S; and S3 for each boost converter. To avoid si-
multaneous conduction of the power devices (short-circuit) and for both switches to be open
(open-circuit) on each leg, the logic complement is used i.e, the signal Ss is the complemen-
tary of the control signal S;, and the signal S; is the complementary of the control signal
Ss. Hence, four switching states are defined, as listed in Table 3.3 and illustrated in Fig. 3.3.
Also, there will be eight conduction states depending on the grid current polarity.

In Fig. 3.4, a qualitative example is shown to explain the operation of the inverter. The
theoretical behavior of the inductor currents (ir; and i72) are presented to illustrate the eight
conduction states. For example, the circuit equivalent for case 1 of switching state for the
positive and negative grid current is shown in Fig. 3.3(a). When the gate signal S; is zero, the
inductor current through L, flows from the PV capacitor to the output capacitor C, and the
inductor current L; increases, while in the other boost converter, the gate signal S5 is high.
The inductor current iy flows through the PV capacitor, where the current decreases. As it
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Figure 3.2. Dual boost inverter topology.

Table 3.3. Dual boost inverter switching and conduction states.

Switching g g g g Conduction Output Inductor cur-

state 1 2 3 4 state current rents

1 0 1 1 0 a.l ig >0 i1 <0, i >0
a.2 1s < 0

2 0 1 0 1 b.1 1s >0 i1 < 0,42 <0
b.2 i < 0

3 1 0 1 0 c.1 ig >0 i1 > 0,49 >0
c.2 1s < 0

4 1 0 0 1 d.1 1s >0 i1 > 0,120 <0
d.2 is <0

can be seen in the case a.l from Fig. 3.4. Note that, the analysis for the other conduction
states are similar, which can be observed in Fig. 3.4.
Considering the operation of the inverter, the averaged switched model is described by ,

Boost converter 1

I diLcllt(t) = vy — ver () - (1 — du (1)) (3.1.1)
el g g ) i ) — i) (3.1.2)

dt



3.1  Overview of control techniques for DBI 35

il)v Ly Sz#—.r il)v Li S2TJ¥—T
YN YN
| iL1 ] | iL1
+ + + +
Upy==Cpv Vel = Upy==Cpv Vel =
L L
S3 —| Uc2 5 Ue2 5
Lz L2
. 9 I3l
2 2 Sa T
(a) (b)
i L ipy L
70'a'g W—— > 3>
| iLy | iLy
+ = + + +
Upy==Cpv S —|:} Vel = Upy==Cpv S —| Vel =
L L
S3 —|E} Uc2 f Ue2 f
L, Ly
> . I3[
2 2 S4—|_

(c) (d)

Figure 3.3. DBI switching states: (a) case 1, (b) case 2, (¢) case 3, and (d) case 4.

Boost converter 2

Ly diLdzt(t) = Upy — Vea(t) - (1 = da(t)) (3.1.3)
CQd“;iQt(t) = (1= do(t)) - iva(t) + is(t) (3.1.4)

where 71,7 and ipo are the currents through the inductors L; and Lo, is is the grid current,
ve1 and vgg are the voltage of the capacitors, vy is the input voltage, di(t) is the duty cycle
of boost converter 1, and do(t) is the duty cycle of boost converter 2. Moreover, the DBI
is integrated to the grid through an inductive filter Ly (Rs represents the resistance of the
inductive filter and grid), as shown in the equivalent circuit of Fig. 3.5, and the voltage
equation can be obtained by

dis(t)
dt
where the output voltage of the inverter is defined as,

Uo(t) = ver (t) — vea(t) (3.1.6)

L, = Uo(t) — is(t) Rs — vs(t) (3.1.5)
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Figure 3.4. DBI conduction states when (a.1) S; =0, S3=1and is > 0, (b.1) Sy =0, S3 =0
and i > 0, (c.1) Sy =1, S3=1and is > 0, (d.1) S1 =1, S3 =0 and i5s > 0, (a.2) S; =0,
S3=1landis <0, (b.2) S;=0,5 =0and is <0, (c.2) Sy =1, S3=1and is <0, and (d.2)
51:1, S3 =0 and ig < 0.

Figure 3.5. Equivalent model of the DBI with grid connection.
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3.2 Linear control for DBI

To regulate the power converters, the linear control is the most common and mature technique
used in the academic and industry applications over the years. In most cases, the cascaded
control loops based on PI controllers together with a modulation stage compose the linear
feedback control scheme to generate the gate signals of the power devices. The output of
the cascaded control loops usually is the duty-cycle, which is converted into a high-frequency
binary signal by the modulation stage. The main advantage of the modulator is that it
provides a constant switching frequency and define spectrum in the steady-state. An analysis
and review of the several techniques of modulation is presented in [67].

For the dual boost inverter, the control block diagram based on linear approach is pre-
sented in Fig. 3.6. The independent control strategy is used in this case to obtain a sinusoidal
output voltage. The cascaded control scheme is composed by two loops to regulate the voltage
in the capacitor and the current through the inductor of each boost converter. Each stage of
the control scheme is described in detail in the following subsections.

T

1_ P Output
(' - }_’ voltage -
. referem;e Dual
PI calculation Boost

4

" ” " — [ >o»| Inverter
293 +: o X [va|in UL2 1
Ze2 O~ - PWM
- - IJ_L’ + O Upv| HE_ IJ_L‘ ++ Ve2 S3
Y j
*

U2 2 Uca L
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| MPPT PLL |

7T o

Upy ipv Grid

Figure 3.6. Linear control scheme of the grid-connected DBI.

3.2.1 Maximum power point algorithm

As previously mention, a PV module is used as input source. Therefore, the four control
schemes are composed by an essential part, which is the maximum power point (MPP) track-
ing of the PV module and the PV voltage control.

In order to obtain the maximum power output of the PV panel, the conventional perturb
and observe (P&QO) algorithm is implemented in the four control schemes due to its simplicity
and effective tracking [68]. The search of the MPP in this algorithm, as its name indicates,
is based on perturbing the reference voltage and observing the PV panel behavior to select
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the direction of the next perturbation. The flow diagram is shown in Fig. 3.7 to explain
this approach. First, the voltage and current measurements of the PV panel are obtained to
calculate the PV power. Then, the power is compared with the last measurement P, (k —1)
to know if the power decreased or increased. In the case that, the voltage reference increases
by the algorithm and the PV panel is operating on the left side of the MPP, the power
should increase. Considering the same perturbation, but the PV panel is operating on the
left side of the MPP, the power should decrease. When the voltage reference decreases, the
opposite behavior in regard to the increased perturbation is obtained. Also, the amplitude
of the perturbation in the reference voltage (A v) is the same in all cases, but its direction is
selected through the power variation. When the power measurement is higher than the last
iteration, the perturbation in the voltage reference will continue in the same direction. But
if the power measurement is lower than the last iteration, the direction of the perturbation
in the voltage reference will change.

Power calculation
va(k) = Upv(k) ' lpv(k)

P (k) > Poy(k — 1

Uiy (k) = Uy (k = Dt [ty (K) = v, (k = D=a| o, (k) = v (k = D+a ] [y (k) = Ul (k = D=av
I I I |

!

va(k_ D= va(k)

Figure 3.7. Flow diagram of P&O MPPT algorithm [68].

3.2.2 Control of the input capacitor energy

In order to regulate the input voltage of the capacitor, i.e the output voltage of the PV
panel, an indirect control is used, which is based on the regulation of the input capacitor Cl,
energy. The transfer function for this control loop is defined through the power balance of
the inverter, which is expressed as,

’Upviin = ’Us,rmsis,rms (321)
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where i, is the input current of the inverter, as shown in Fig. 3.8. This current is possible
to determine as,

lin = ipv - iva (322)

Considering the PV current iy, as a perturbation, and the negative sign of the current
through the PV capacitor icpy as part of the plant, the expression in (3.2.1) can be written
as

7

9 PN
Cor Doy _ Vols (3.2.3)
2 dt 2

As a result of these considerations, the transfer function expressed in Laplace domain can

be defined as,

vpe(s) 2
Ps) ~ Coves (3.2.4)

Finally, the PI controller is used to regulate the energy of the input capacitor Cp,. The
reference of the PV voltage vy is obtained from the MPPT algorithm as previously mentioned
and explained. Then, the measurement of the PV voltage vy, is filtered with a notch filter to
reduce the second harmonic. The transfer function PI controller can be expressed as,

Cpi(s) = kp <1 + i) (3.2.5)

where k;, is the proportional gain and £; is the integrative gain.

Figure 3.8. Input circuit of the grid-connected DBI.

3.2.3 Output voltage reference calculation

The active and reactive power transfer between the DBI and the grid can be calculated
through the model of the grid connection of the inverter and the complex phasor [3] and [69].

In this analysis, the resistance of the inductive filter and grid are not considered in the
equivalent circuit of the grid-connected inverter, as seen in Fig. 3.9(a). Thus, the voltage
equation can be rewritten as,

= (3.2.6)

Vs (t) = V¢l — U2 — L
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Figure 3.9. (a) Equivalent model of the DBI without resistance, and (b) phasor diagram.

Through the complex phasor diagram shown in Fig. 3.9(b), the active and reactive power
can be expressed as,

ViVo

p =9I, sin(d) (3.2.7)
ViVo Vi
Q =L, cos(d) — 2L, (3.2.8)

where V; is the amplitude of the grid voltage, V, is the amplitude of the inverter output
voltage, and J is the phase angle of the output voltage of the inverter regarding the grid
voltage.

Considering small variations of the phase angle §, the active and reactive power are cal-
culated as,

ViVo
P N T ) (3.2.9)
Ve(Vo - VS)
~N——— 2.1
Q L. (3.2.10)

Based on (3.2.9) and (3.2.10), the active and reactive power are regulated through the
amplitude of the inverter output voltage (V,) and its angle phase (§) [69].

Since the main goal of the inverter is to inject current into the grid in phase with the grid
voltage, the active power reference is considered. While the reactive power is not considered
(Q* = 0). Therefore, the capacitor voltage references can be calculated as,

s . 2P~ sLs

vl =Vbe + %sm <wst + VS;()) (3.2.11)
s 2P~ sLs

vl =Vbe — %sin (wst + V‘;’/) (3.2.12)

where P* is the active power reference obtained from the PI controller of the energy of the
input capacitor Cy,. Also, the DC voltage reference is calculated as,

Vs
Ve =k X vpy + ? (3.2.13)
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where, k is a boost factor (k>1), which ensures the minimum DC-bias. Because, the bottom
waveform of the AC component must be greater than the input voltage in order to achieve
the minimum elevation requirement.

3.2.4 Control of each boost converter

The proposed control scheme is based on the approach presented by Sanchis in [14] and [70],
where each boost converter is regulated by two control loops, which include compensations
in order to achieve the variable operation of the inverter. The inner control loop regulates
the inductor current, while the external control loop regulates the capacitor voltage. Both
control loops are composed by a proportional resonant (PR) controller since the references of
capacitor voltages control loops are sinusoidal waveforms, and this type of controller achieves
a stable operation under transients [19].

In order to design the parameters of the controller it is necessary to obtain the transfer
function of the converter. Considering that the boost converters are symmetrical and the
control strategy is independent for each converter, the analysis of the controller design is
presented only for the boost converter 1.

The transfer function for the inner current control loop is based on (3.1.1) with two con-
siderations. The first consideration is that the capacitor voltage v.; in the variable operation
can be considered as a variable gain, because the inductor current loop bandwidth is higher
than the capacitor voltage loop bandwidth. Therefore, this voltage can be included as inverse
gain in the current loop, as shown in Fig. 3.6. The second consideration is that the PV voltage
can be interpreted as perturbation, which is eliminated through a gain with opposite value of
PV voltage in the current control loop. As a result, the transfer function for the inner control
loop is between the inductor current and the inductor voltage, which can be written as

iLl(S) _ 1
vri(s) 11+ Las

(3.2.14)

where, ir,; is the current through the inductor, vr; is the inductor voltage and rr; is the
parasitic resistance in series with the inductor L;.

For the transfer function of the external voltage control loop, the same approach used for
the inner current control loop is employed. In this case, the variable gain is 1 — dy, which
can not be completely compensated since this variable is faster than the loop. Hence, a new
expression is defined by (3.1.1) and (3.1.2), as follows

di . . dv
(Upv — I (;) L1 = (Zs + 1 d;1> Vel (3215)

Note that the 1—d; is not presented in this equation. Also, the inductor voltage variations
can be negligible in regarded to the PV voltage and the voltage capacitor since the L is small.
Thus, the inductor current can be written as

Uc1

ir1 = (is +ic1) (3.2.16)

Upv

In this case, the compensation is defined by the gain vei/vpy. And the perturbation is
the output current, which is introduced in the control loop to cancel its effect, as shown
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in Fig. 3.6. Therefore, the transfer function for the external control loop is defined by the
capacitor as follows

ver(s)  1+raCis
icl(S) o 018

(3.2.17)

where, 7.1 is the current through the capacitor C, and r¢; is the resistance parasitic in series
with the capacitor C;. More details of the transfer functions used in the design of the linear
control can be found in [70].

For both control loops, the PR controller is used since it is necessary a tracking of a
sinusoidal with zero steady-state error. The transfer function of the PR controller is defined
as

2k;wes

C =k,
Pr(s) Pt 52 4+ 2w s + wo?

(3.2.18)
where k;, is the proportional gain, k; is the resonant gain, w, is the cut-off frequency, and w,
is the fundamental frequency.

To summarize, the cascaded control loop for the boost converter is observed in Fig. 3.6.
The voltage reference of voltage capacitor is obtained through (3.2.11). The capacitor voltage
error is regulated using a PR controller. The output signal of this controller is the reference
of the capacitor current. In order to calculate the inductor current reference ¢}, the output
current iy is added at the reference of the capacitor current. Then, the gain ve/vpy is
introduced in the output of the control loop. The inductor current error is also regulated
by a PR controller. The output of this control loop is the reference of the inductor voltage,
which is compensated to obtain the duty-cycle reference. The last stage is the modulation,
where the duty-cycle is modulated with a carrier based on phase-shifted PWM. For the DBI,
a 180° phase shift is introduced between the carrier signals of each boost converter.

3.2.5 Simulation results of the linear control for DBI

In order to validate the analysis of the linear control, the grid-connected dual boost inverter
with the PV panel as input source is simulated in the PLECs software. The parameters of
PV panel and the inverter are presented in Table 3.4. Notice that, the parameters of the
inverter were selected in regards to the experimental prototype parameters.

The dynamic behavior of the dual boost inverter is evaluated with a variation in the solar
irradiance from 1000 W/m? to 700 W/m?, which is introduced at time ¢ =2.0 s. While, the
steady-state operation is presented for the both operating points.

The figure 3.10 presents the simulation results of the steady-state behavior of the inverter
for the nominal operation point, which is obtained with the solar irradiance is 1000 W /m?.
The references and measurements of the capacitor voltages are shown in Fig. 3.10(a), which
are composed by DC component and a sinusoidal waveform. The DC components are around
112 V as expected. The amplitude of the capacitor voltages (v.1 and ve2) is equal, and their
phases are shifted 180°, as expected. Also, it is possible to identify that the output voltage
tracking is achieved.

The figure 3.10(b) shows the behavior of the inductor current of each boost converter. The
current waveforms are composed by a non-pure sinusoidal, where the positive and negative
amplitudes are the same for both boost converters. The negative part of the inductor current
is due to the differential connection of the boost converters.
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Table 3.4. Simulation parameters of the linear control of DBI.

Symbol Parameter Value
PV Parameters
Vinpp PV voltage at MPP 29V
Py, PV power 216 W
Cpo Input capacitor 25 mF
Grid Parameters
Vg Grid voltage 110 Vips
fs Grid frequency 60 Hz
Ly Grid filter inductance 10 mH
Converter Parameters
Ly, Lo Boost converters inductors 55 uH
Cy, Cy Boost converters capacitors 5 uF
Control Parameters
fsw Switching frequency 80 kHz
k:f,3 v Proportional gain of PI (PV voltage control) 4
kPV Integral gain of PI (PV voltage control) 50
kPR Proportional gain of PR (Voltage control) 0.25
kz?m Integral gain of PR (Voltage control) 0.0001
kPR2 Proportional gain of PR (Current control) 0.4
k%m Integral gain of PR (Current control) 0.1
We Cut-off frequency of PRs 10 rad/s

The grid voltage and current are illustrated in Fig. 3.10(c), where it is possible to identify
that the current injected to the grid is sinusoidal and in phase with the grid voltage.

To validate the power quality of the DBI, the grid current spectrum and its total harmonic
distortion (THD) are obtained, as shown in Fig. 3.11. Also, the IEEE standard 1547 is intro-
duced in this figure to determine the limits of each harmonic. Note that the odd harmonics
such as the third, fifth, seventh are presented. However, these harmonics are within of the
range of the standard. Moreover, the THD of the grid current is 3.85 %, which fulfills with
the standard (THD < 5 %).

In addition, the positive and negative peaks of the capacitor voltages and inductor currents
present some oscillations, which are reflected in the grid current. Therefore, in the spectrum
of the grid current is possible to identify harmonics at high frequencies. However, the THD
is within of the standard limits and this harmonics content also complies with the standard.

The simulation results in steady-state for the 150 W at input power are shown in Fig. 3.12.
The capacitor voltages and inductor currents waveforms present the same behavior regarding
the nominal power case. The DC and AC component of the capacitor voltage are equal in the
previous case. On the other hand, the positive amplitude of the inductor current is around
13 A, which is lower than the nominal case since the input power is reduced.

Also, the grid current is sinusoidal and in phase with the grid voltage as shown in
Fig. 3.12(c). The harmonic content and the THD of the grid current are within accepted
ranges by the standard, as presented in Fig. 3.13.
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Figure 3.10. Steady-state results of linear control for DBI at 216 W of PV power: (a) Capacitor
voltage of each boost converter, (b) inductor current of each boost converter, and (c) grid
voltage and current.
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Figure 3.11. Grid current spectrum of DBI with linear control at 216 W of PV power.
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Figure 3.12. Steady-state results of linear control for DBI at 150 W of PV power: (a) Capacitor
voltage of each boost converter, (b) inductor current of each boost converter, and (c) grid
voltage and current.
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Figure 3.13. Grid current spectrum of DBI with linear control at 150 W of PV power.
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The dynamic behavior of the DBI is presented in Fig. 3.14. The solar irradiance step is
introduced at time ¢ = 2 s. The reference of the PV voltage and its measurement are observed
in Fig. 3.14(a), where the three voltage levels around the maximum power point can be
identified when the PV panel is operating under uniform solar irradiance. Furthermore, the
PV current decreases when the solar irradiance step is introduced, as shown in Fig. 3.14(b).
Therefore, the input power is also reduced as illustrated in Fig. 3.14(c).

In addition, the behavior of the inverter during this solar irradiance change is presented in
Fig. 3.15. Note that the capacitor voltages are kept constant when the input power decreases.
While the amplitude of the output currents is reduced. This effect is reflected in the inductor
currents, which also are reduced.
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Figure 3.14. Dynamic results of linear control for DBI: (a) PV voltage, (b) PV current, and
(¢) PV power.
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Figure 3.15. Dynamic results of linear control for DBI: (a) Capacitor voltages, (b) inductor
currents, and (c) grid voltage and current.

3.2.6 Discussion

The linear control for the DBI based on the approach presented by Sanchis [70] was validated.
In this case, the PR controllers are used in the control scheme to regulate the capacitor voltage
and the current inductor for each boost converter. The linear control strategy is based on the
averaged model of the boost converter considering a variable operation of the inverter. For
this reason, several considerations and compensations are introduced in the cascaded control
scheme. Despite the fact that good tracking of the capacitor voltages and inductor currents
are achieved, the design and the adjust of parameters of the PR controller are not easy
tasks. Also, the capacitor voltages and inductor currents present some oscillations around
the positive and negative peaks of the waveforms at nominal power. However, the THD and
the harmonics of the grid current are within the standard ranges.
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3.3 Control strategy based on Finite Control Set-Model Pre-
dictive Control for DBI

One non-linear technique employed to control the DBI is based on Finite Control Set-Model
Predictive Control (FCS-MPC) algorithm. The main advantages of this strategy are the easy
inclusion of non-linearities, and that cascade control loops in specific cases or modulation
techniques are not required. In power converters, the main approach of FCS-MPC is to
determine a suitable control action S, which moves the variables of interest y(t) to a desired
reference y*(t), considering the future behavior of these variables [67]. Therefore, the discrete
model of the power converter and an optimization process are needed.

In the ideal case, the model of the system is used to predict the behavior of the interest
variables in a finite prediction horizon, and the control actions are determined through the cost
function in each sampling period Ts;. However, measurements of the variables, computations
of the future behavior and control actions can not be done in the same period of time. To solve
this issue, a two-step prediction model has been proposed, as shown in Fig. 3.16, in which
the control action is applied in the second sampling period. For further details, see [71].

y o 1% step . 2™ step

k k+1 k+2 !

Figure 3.16. Operating principle of FCS-MPC [71].

The general control diagram of the DBI is based on two cascaded control loops, as shown in
Fig. 3.17. The first control loop is composed by the maximum power point tracking (MPPT)
method of the PV panel and PI regulator for the energy of the input capacitor. Then, the
Model Predictive Control strategy is employed in the second control loop for the inductor
currents and capacitor voltages.

3.3.1 Control of the input capacitor energy

The first stage of the control scheme based on FCS-MPC consists of the perturb and observe
(P&O) algorithm to extract the maximum power from the PV panel and generate the PV
voltage reference. Also, a notch filter is implemented to eliminate the second harmonic from
the PV voltage feedback, which could enter the control loop, generating a third harmonic
component in the reference current. Then, the output of the input capacitor energy controller
is the active power reference which is used in the next loop.
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Figure 3.17. The control scheme of the FCS-MPC for the grid-connected DBI.

3.3.2 FCS-Model Predictive Control for DBI

To control the current inductor, and voltage capacitor of each DC-DC converter, the FCS-
Model Predictive Control is implemented. For this purpose, three different approaches are
analyzed; predictive model of DBI, implemented algorithm and optimization algorithm (cost
function).

3.3.2.1 Predictive model of DBI

In order to obtain the discrete model of the inverter, Taylor series truncated at the second
degree are used. For simplification, the control equations are given only one boost converter
(notations with subscript 1). The other boost converter will be similar with the difference
in the sign of the output current as it can be observed in (3.1.2) and (3.1.4). Therefore, the
discrete model of one boost converter can be written as

. ‘ dir T dPirg
k+1)= k)+Ts — = 3.3.1
kD) =in(B) + 157 5 | (33.1)
d’UCl T2 d2’UC1
c1(k+1) =ve (k) + T == 3.3.2
varlk + 1) = va k) + T 55| + 5 T | (3:3.2)

where, 71,1 (k) is the measurement of the inductor current L;, vc1(k) is the measurement of
the capacitor voltage C7, and the first and second derivatives of each variable are obtained
from (3.1.1) and (3.1.2).
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di 1
ﬁ - [Upy — S1ve (k)] (3.3.3)
k
dziLl 1 d’UCl
_ 3.4
a2 |, Lo . (3:3.4)
dv. 1 ) .
Tltl o [Sviva (k) + is(k)] (3.3.5)
k
d2U01 1 diLl dis
e | = [51 |t @, (3.3.6)

Note that, the first derivative of grid current is obtained from (3.1.5).

3.3.2.2 Algorithm of FCS-Model Predictive Control for DBI

The flow diagram of the two-step prediction algorithm is shown in Fig. 3.18, which is described
as follows:

e In the sampling time k, the switching states are obtained, and the measurements of the
inductor currents, capacitor voltages and output current are made. Also, the previously
computed control actions are applied.

Then, the capacitor voltages and inductor currents references are calculated. The volt-
age references are obtained through the same analysis used in the linear control strategy,
which is based on model of the grid connection of the DBI. Therefore, the voltage ref-
erences are determined as following,

V. 2P*w, L
’U:l :VDC + ?ﬁ sin (wst + ‘/f;/S) (337)
Vi . 2P*wgLg
vy =Vpo — 5 sin (wst + VU‘J/> (3.3.8)
sYo

where, P* is the active power reference, which is obtained from the output of the input
capacitor energy controller, and the DC voltage component Vpc is calculated as (3.2.13).
For more information, please see the section 3.2.3.

Furthermore, the inductor current references are derived from (3.1.2) and (3.1.4). Hence,
the current references are calculated as,

ira (k) = [(‘;) C1 - ws - cos(wsk + 6) + z] : zﬂ (3.3.9)
pv
% Vs -3k U:Q
ia(k)=|— - Cy - ws - cos(wsk +d) —i% | - p (3.3.10)
pv

Notice that the control of each boost converter is coupled through the current and
voltage references for grid-connected dual boost inverter.

e The derivatives of (3.3.3) - (3.3.6) are calculated in this section to find the first prediction
(k+1).
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e Then, the current and voltage in the sampling time k£ + 2 are generated based on the
first prediction. For one boost converter, the second predictions are

di T2 @2
i (k+2) = ipg (k+1) + Ty % = dlgl (3.3.11)
t k) = k)
dve T2 d2u,
Verlk+2) = vey (k+1)+T, ot —s Ll (3.3.12)
gy 2 4 e

e Finally, the predictions calculated in the previous stages are used in the minimization
process. In this method, the current and voltage quadratic errors are employed. The
predictions in k + 2 are compared to the references and the option that is closer to
the reference is selected (Optimization process). This value becomes the next switching
state to be applied during the interval between (k + 1) and (k + 2).

3.3.2.3 Optimization algorithm

In power systems, the most common optimization algorithm G(k) based on the quadratic
error between the predictions and references is used to evaluate the performance of the control
strategy and to select the best control actions with a minimum cost, as shown in (3.3.13).

k+N—-1
Gk)y= Y 0+ -y (+D|* forlek, ..k+N-1 (3.3.13)
=k

For the DBI, the control targets are the inductor current and the capacitor voltage for each
boost converter. The units of these variables are different, for this reason it is important to
normalize the cost function with coefficients that are the nominal values of the variables [72].
Therefore, the global structure of the cost function has two components,

G=M\" g1 + Ag - go (3314)
where,
1 ., . r ., .
g1 = — (iL1" — ZLlp)2 + — (2" — Zsz)2
1L1n 1L.2n
_ (Ver* — ver?)? + ! (V2™ — ve2?)?
92 'Ucln2 cl cl Uc2n2 c2 c2

g1 is the quadratic error of the inductor currents, g, is the quadratic error of the capacitor
voltages and, A\; and Ay are the weight factors, which can determine the degree of relevance
of each variable in the process. In this case, the main goal is the capacitor voltage and the
second goal is the inductor current. Therefore, the weight factor A5 is higher than A;. The
weight factors were obtained by empirical procedure, which are: \; =1 and Ay = 75.
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3.3.3 Simulation results of FCS-MPC for DBI

In order to validate the FCS-Model Predictive Control, the DBI with PV panel as input
source is simulated. The main parameters of the panel, the inverter and control are shown in
the Table 3.5.

Table 3.5. Simulation parameters of the FCS-Model Predictive Control of DBI.

Symbol Parameter Value

PV Parameters

Vinpp PV voltage at MPP 29V
Py PV power 216 W
Chpv Input capacitor 25 mF
Grid Parameters
Vg Grid voltage 110 Vims
fs Grid frequency 60 Hz
Ly Grid filter inductance 10 mH
Converter Parameters
Ly, Lo Boost converters inductors 55 uH
Cy, Cy Boost converters capacitors 25 uF
Control Parameters
T Sampling time 5 x 10e-6 s
EPV Proportional gain of PI (PV voltage control) 4
k?)v Integral gain of PI (PV voltage control) 50
Er Proportional gain of PI (Active power control) 1 x 10e-7
k?’ Integral gain of PI (Active power control) 1 x 10e-2
kg Proportional gain of PI (Reactive power control) 5 x 10e-5
kK Integral gain of PI (Reactive power control) 0.2

One important consideration is that the dynamic behavior of the converter was evaluated
with a solar irradiance change. The initial solar irradiance is 1000 W/m?, which is reduced
to 700 W/m? at time ¢t = 2.0 s.

The first simulation results present the steady-state behavior of the DBI for each solar
irradiance case (1000 and 700 W/m?). Then, dynamic performance of the PV panel and
inverter are presented when the solar irradiation change is made.

For the level of solar irradiances used in this section, the corresponding PV power values
are 216 W and 150 W. The figures 3.19 and 3.21 show the capacitor voltages, inductor currents,
and grid voltage and current of the inverter in steady-state for each PV power value.

For input power of 216 W, the voltage of the capacitors with their references are shown
in Fig. 3.19(a), which are composed of DC and AC components. The DC component for
these signals is the same (110 V). The amplitudes in the two converters are 77.79 V, and the
phases are shifted 180°. The current of the inductors with their references are illustrated in
Fig. 3.19(b), where it is possible to identify that the currents are not sinusoidal and present a
negative part. The phases are shifted 180°, which is a similar effect observed in the voltage.

In order to show the same variables of the previous case in an appropriate scale, three
cycles of each variable are presented in Fig. 3.21 for the input power of 150 W. The capacitor
voltages are shown at the top of this figure, where it is possible to identify that the behavior
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of these voltages is the same observed in the 210 W of input power. As it can be seen in
Fig. 3.21(b), the amplitude of the inductor currents decreases because the input power is
reduced.

The grid results are illustrated in Fig. 3.19(c) and 3.21(c), where the grid voltage and
current are presented. In both cases, the grid voltage is a pure sinusoidal and the same at
any period of time. However, the amplitude of the grid current is different for each PV power
level. In the nominal operation, the amplitude of the current is 2.7 A, which is reduced at
1.8 A, when the solar irradiance changed. The waveform of the grid current is very close to
a sinusoidal and in phase with the grid voltage.

The power quality of the DBI is analyzed through the spectrum and total harmonic
distortion (THD) of the grid current. These results are shown in Fig. 3.20 and 3.22. Notice
that, the limits of the IEEE standard 1547 are presented in another color in the figures to
identify the ranges. As it can be observed, the harmonics of the grid current for both PV
power level are within accepted ranges by the standard. THD for nominal power is 3.58 %,
but this value increases at 3.73 %, when the PV power decreases, as expected. These are very
good results, considering that the waveform of the currents has appreciable oscillations.
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Figure 3.19. Steady-state results of FCS-Model Predictive Control for DBI at 216 W of PV
power: (a) Capacitor voltage of each boost converter, (b) inductor current of each boost
converter, and (c) grid voltage and current.
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Figure 3.21. Steady-state results of FCS-Model Predictive Control for DBI at 150 W of PV
power: (a) Capacitor voltage of each boost converter, (b) inductor current of each boost
converter, and (c) grid voltage and current.
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In order to evaluate the dynamic performance of the control, a step-down in the solar
irradiance is made at time of 2.0 s. The PV side and the inverter results are illustrated in
Fig. 3.23 and 3.24.

The PV voltage and its reference are shown in Fig. 3.23(a). In this figure, it is possible
to identify the three voltage levels due to the MPPT algorithm. When the solar irradiance
changes, the PV current decreases from 7.5 A to 5.23 A, as shown in 3.23(b). Note that, the
input power also decreases, as observed in Fig. 3.23(c).

The capacitor voltages (ve; and veo) are presented in Fig. 3.24(a). It can be observed that
the voltage levels are kept constant in both input power. On the other hand, the amplitude
of the inductor currents (ir,; and ip2) is reduced when the step-down of solar irradiance is
produced. As a result of this variation, the amplitude of the grid current also decreases (See
Fig. 3.24). In these figures, it can be observed a quick transient response.

(a) PV voltage [V]

(b) PV current [A]
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Figure 3.23. Dynamic results of FCS-Model Predictive Control for DBI: (a) PV voltage, (b)
PV current, and (¢) PV power.
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Figure 3.24. Dynamic results of FCS-Model Predictive Control for DBI: (a) Capacitor voltage
of each boost converter, (b) inductor current of each boost converter, and (c) grid current
and voltage.

3.3.4 Discussion

In this section, the FCS-Model Predictive Control for the grid-connection of the dual boost
inverter is proposed. In this algorithm, the linearization process of the system is not necessary,
because the control of the inductor currents and the capacitor voltages were made with
predictions of these variables based on the inverter model. This feature allows to obtain a
simple control structure.

However, the switching frequency of the semiconductor devices is variable, as it can be
identified in the inductor currents. This confirms the main drawback of the FCS-MPC strat-
egy, which generates high switching losses.

Another important aspect to mention is the selection of the weight factors. The control
objectives of the DBI present different dynamics and variation range, which makes the de-
termination of the weight factors a difficult task. In this case, the weight factor is selected
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as the best trade off between the tracking of the capacitor voltage and the THD of the grid
current. The tracking of the capacitor voltage presents some oscillations, but the harmonics
and THD of the output current comply with the standard.
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3.4 Flatness-based control for DBI

The flat systems have been introduced by Flies et. al [73], which are based on the differential
algebra. A system is differentially flat, if the structure of the trajectories and their dynamics
are completely represented through a fictitious variable, called flat output [74]. The main
feature of differential flat system is that the state and input variables of the non-linear sys-
tem can be expressed through a flat output and a finite number of its derivatives, without
employing any differential equation [75].

The non-linear system as,

z=f(x,u) (3.4.1)

where z € R™, u € R", is differentially flat, if there is a flat output y of dimension m, such as,
Y= (Y1,Y2, ey Ym) = O, u, &, ...,u(s)) (3.4.2)

z =Y, 9, y") (3.4.3)

w =y, g,y ) (3.4.4)

where r and s are integers, ¢ € (R™)™™1 — R" and ¢ ¢ (R™)"*2 — R™. Therefore, the
dynamic behavior of the system is represented through its flat output mapping in the simple
space, without integrating any differential equation, as shown in Fig. 3.25. More information
of the flatness theory and its applications can be found in [76] and [77].

X =f(xu
T +— (x(2), u(1))
A
(e, ¥)
T —> (y(t), ...y(Hl)(l‘)) « a
e
- -

y = ¢(x,u, x, ..., u®)

Figure 3.25. General concept of flatness system by Levine [77].

For the dual boost inverter, the control strategy is based on differential flatness theory.
The control scheme is shown in Fig. 3.26, which is composed by two cascaded control loops.
The voltage reference vy, of the outer control loop is obtained from the classical perturb
and observe P&O MPPT algorithm. The input capacitor energy error is regulated using a
PI controller, as shown in section 3.2.2. Then, the active power reference obtained from the
previous loop is employed to calculate the output voltage reference of each boost converter for
the next control loop. The inner control loop, based on flatness theory, regulates the output
voltage of each boost converter, which is indirectly accomplished through the regulation of
energy stored. Finally, the switching signals are obtained through a PWM scheme.
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Figure 3.26. Control scheme of the flatness-based control for DBI.

3.4.1 Output voltage reference calculation

The voltage references are obtained through the complex phasor analysis shown previously in
subsection 3.2.3. In this case, an indirect power control is proposed, where the phase angle
calculation is based on the active power equation shown in (3.2.9). Hence, the capacitor
voltage references are written as,

V. 2P*w, L,

vl =Vbe + ?S sin <wst + ‘;‘J/‘f) (3.4.5)
Vs . 2P"wsLs

viy =Vbo — — sin (wst + VU‘J/> (3.4.6)

where the DC voltage Vpc reference is calculated with the same approach illustrated in the
linear control section (see (3.2.13)). Note that, the reactive power flow is not considered.

3.4.2 Flatness-based control of the individual DC-DC converter

As mentioned before, the differential flatness theory is used to regulate the output voltage of
each boost converter.

The proposed control scheme considers an independent control for each boost converter.
Due to the symmetry of the inverter, detailed equations have been provided only for boost
converter 1. To analyze the flatness propriety of the boost converter, the chosen candidate
flat output is the stored energy through the converter [74,78], it can be written as

1. 1 .
Y1 = ileil + 5011}?1 = ¢(2L17Uc1) (347)
Considering the system described in (3.1.1) and (3.1.2), the derivative of y; is

yl = iLl'Upv — 15Uc1 (348)
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In order to verify the flatness theory it is necessary to find the following conditions,

iL1 = @i, (Y1,91) (3.4.9)
Vel = Py (Y1,91) (3.4.10)
di = Y1 (y1,91,91) (3.4.11)

Considering the flat output and its derivative, the inductor current ir,; can be calculated

C v. C U. 2 C’U2v C .2
(G () (s B (B0
ZS ZS ZS ZS

i = — o
L1 o, @iy (Y1,91)
Lt —
S

(3.4.12)

In order to obtain the output voltage v.; as function of the energy y; and its derivative, the

equations (3.4.7) and (3.4.12) are considered. Therefore, the output voltage can be written
as

2y1 — L i) ,
ucl¢ nbig il _ o, ) (3.4.13)

Finally, considering the second derivative of the energy ¥, it is possible to calculate d; as

LU oy, . is ) 2
v — f + —f Yue (y1,91) + o i (y1,91) — 5
dy = LR L L =1 (y1,91,91) (3.4.14)

s . Upv .
C, Pir1 (y17y1) + L, Puet (ylvyl)

From (3.4.12), (3.4.13), and (3.4.14), it is evident that all variables can be expressed as
a function of the flat output and its derivatives without solving any differential equations.
Then, the system is flat, and it is possible to indirectly control all the variables through a
control of y;.

To ensure reference tracking, a third order control law is proposed:

b (=) ke [ (57— ) e 57 = 5h) + o 5 = 5) =0 (3.4.15)
The constants k1, ko, k3 and k4 are calculated as following,

ki=2-& wa ptuy

ko =p-w?
k3=2-& wn+p
ky=1

where, £ is the damping factor, w, is the pulsation and p is the value of one pole.
Solving (3.4.15), it is possible to find the second derivative of the energy as

G = G+ k(5] — 1)+ Ea / (w7 — ) dt + ks (5 — ) (3.4.16)
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Figure 3.27. Control scheme of flatness-based control for boost converter 1.

The Fig. 3.27 illustrates the general implementation of the flatness-based control. The
reference of the energy is based on (3.4.7) and the power balance between the input and
output of each boost converter, as shown below

P = Pout (3.4.17)
. (3.4.18)
Upy

On the other hand, the derivative of the signals is calculated through the approximation
shown in (3.4.19), where /3 is a constant between 10 to 20 [79]. Also, it is possible to observe
that a pole is introduced in the transfer function of the derivative to avoid problems by
measurement noise. Note that, the transfer function is expressed in Laplace domain for an
easy description. However, the derivative is implemented by its discrete version.

Gp(s) = % (3.4.19)
1422
ﬁ S

3.4.3 Simulation results of the flatness-based control for DBI

In order to validate the flatness-based proposed control, the dual boost inverter with a PV
panel as input source has been simulated. The main parameters of the DBI and its control
are listed in the Table 3.6.

The steady-state operation of the grid-connected DBI is presented for two different input
powers (two operation points), i.e the 216 W of nominal power and 150 W. The figures 3.28
and 3.30 show the capacitor voltage, the inductor current of each boost converter, and the
grid voltage and current.

The capacitor voltages are shown in Fig. 3.28(a) and 3.30(a) for two operation points,
respectively. For both cases, the capacitor voltages are composed of DC and AC components,
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Table 3.6. Simulation parameters of the flatness-based control of DBI.

Symbol Parameter Value
PV Parameters
Vinpp PV voltage at MPP 29 V
Py, PV power 216 W
Grid Parameters
Vs Grid voltage 110 Vims
fs Grid frequency 60 Hz
Ly Grid filter inductance 10 mH
Converter Parameters
Cov Input capacitor 25 mF
Ly, Lo Boost converters inductors 55 uH
Cy, Cy Boost converters capacitors 5 uF
Control Parameters
fsw Switching frequency 80 kHz
k, "t Proportional gain of PI (PV voltage control) 0.2
kP! Integral gain of PI (PV voltage control) 50
¢ Damping ratio (Flatness-based control) 0.7
Wn Pulsation (Flatness-based control) 15000 rad/s
D pole(Flatness-based control) 4000 rad/s

as expected through the previous analysis. The DC component is around 112.58 V, consider-
ing a boost factor of 1.2 in (3.2.13) of the linear control section. Then, the amplitude of AC
component is half of the output voltage of the inverter (110 -+/2/2 V).

To observe the tracking of the capacitor voltages, the Fig. 3.32(a) and 3.32(b) present
three periods of these signals for nominal power (216 W). The references and measurements
of the capacitor voltages of each DC-DC boost converter are illustrated, where an accurate
tracking is verified.

In addition, the inductor current waveforms for both power levels are shown in Fig. 3.28(b)
and 3.30(b). The inductor currents present a negative part due to the circulating power. Also,
the magnitudes of the DC and AC components are the same for each operation point. Note
that, the mean positive amplitude is around 18 A for the nominal power (216 W), while this
amplitude is around 13 A for 150 W of input power.

The results in the grid side for both power levels are illustrated in the Fig. 3.28(c) and
3.30(c). It is possible to see that the waveform of the grid current is very close to a sinusoidal,
and in phase with the grid voltage. Please note that, the grid voltage does not change in any
of the cases. However, the amplitude of the grid current in each operation point is different
to keep the power balance. Therefore, the peak amplitude for nominal power and 150 W is
2.52 A and 1.77 A, respectively.

The frequency spectrum and THD of the grid current are shown in Fig. 3.31 and 3.29 for
both operation points. To evaluate the power quality of the inverter, the IEEE standard in
blue color is used and introduced in the spectrum figure, where it is possible to observe that
the ranges of all harmonics are within the standard limits. Note that, the third and fifth
harmonic are predominant in both cases. On the other hand, the total harmonic distortion
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for two power levels are similar, i.e the THD is 2.59 % for nominal power and 2.36 % for 150

W of input power.
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Figure 3.28. Steady-state results of flatness-based control for DBI at 216 W of PV power: (a)
Capacitor voltage of each boost converter, (b) inductor current of each boost converter, and
(c) grid voltage and current.
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Figure 3.29. Grid current spectrum of DBI with flatness-based control at 216 W of PV power.
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Figure 3.30. Steady-state results of flatness-based control for DBI at 150 W of PV power: (a)
Capacitor voltage of each boost converter, (b) inductor current of each boost converter, and
(c) grid voltage and current.
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Figure 3.31. Grid current spectrum of DBI with flatness-based control at 150 W of PV power.
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Figure 3.32. Simulations results of the tracking of the capacitor voltages with flatness-based
control for DBI at 216 W of PV power: a) Capacitor voltage of the boost converter 1, and
b) capacitor voltage of the boost converter 2.

To evaluate the dynamic performance of proposed control, the solar irradiance is reduced
from 1000 W/m? to 700 W/m? at time t=2.0 s. These values of solar irradiance correspond
to the two power levels shown before (216 W and 150 W). In Fig. 3.33, the behavior of the
PV side is shown. The PV voltage reference (vy,) and the measurement (v,,) are presented
in Fig. 3.33(a). Note that, the three voltage levels around the MPP can be identified, when
the PV module is operating under uniform solar irradiance.

When the solar irradiance step is made, the PV voltage decreases until it reaches the
new maximum power point. On the other hand, the PV current also decreases, as shown in
Fig. 3.33(b). And, the input power is reduced, as illustrated in Fig. 3.33(c).

The Fig. 3.34 illustrates the inverter behavior when the solar irradiance step is made.
Six periods of the voltages and currents waveforms before and after this step are shown to
identify the changes. The amplitude of the capacitor voltages is kept constant all the time,
as observed in Fig. 3.34(a). Conversely, the variation of the input power is reflected in the
inductor currents (See Fig. 3.34(b)) and in the grid current (See Fig. 3.34(c)). The amplitude
of these currents is reduced when the input power is less than the nominal power.
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Figure 3.33. Dynamic results of flatness-based control for DBI: (a) PV voltage, (b) PV current,
and (c) PV power.
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Figure 3.34. Dynamic results of flatness-based control for DBI: (a) Capacitor voltage of each
boost converter, (b) inductor current of each boost converter, and (c) grid current and voltage.

3.4.4 Discussion

The flatness-based control strategy for the grid connection of the DBI is proposed and val-
idated through simulations in this section. In this control strategy, each DC-DC converter
is controlled individually. The differential flatness theory is used to regulate indirectly the
capacitor voltage of each boost converter. The strategy is based on the stored energy control
of the inductors and capacitors of the inverter. The control scheme is composed by: the outer
control loop that regulates the energy through Cp., the next block calculates the references
of capacitor voltages based on the active and reactive power, and the inner control loop that
regulates the stored energy of inductor and capacitor of each DC-DC converter.

The main advantage of the proposed control strategy is high dynamic behavior and robust-
ness against parameter disturbances, such as the variation of the input power. Nevertheless,
the implementation of the derivative action requires a high computation demand to obtain a
good approximation.
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3.5 Sliding mode based control for DBI

The sliding mode approach is a control strategy derived from the variable structure sys-
tem theory, which extends the properties of hysteresis control to multivariable environments,
guaranteeing stability and robustness against parameter variations and high regulation dy-
namics [80] and [81].

To understand the control strategy that has been proposed in this section, a simple ex-
ample of a second order system is used to introduce the main notions of sliding mode. Hence,
the second order system composed by two substructures is analyzed [80]. In Fig. 3.35(a), it
can observed that the eigenvalues of the first structure are complex with zero real part and
therefore their phase trajectories are circles. In the second substructure, the eigenvalues are
real with opposite sign, which leads to only one phase trajectory that converges toward the
origin, as shown in Fig. 3.35(b). In this case, Fig. 3.35(c) presents the phase plane of global
system, which is divided in two regions associated to each substructure, where two switching
boundaries are identified, one of them is the switching line and the other is the x5 axis. If a
representative point enters in the region delimited by the switching boundaries and hits the
switching line, the control law ensures that this point does not move away from the switching
line. This motion of representative point along a trajectory is called sliding mode.
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Figure 3.35. (a) Eigenvalues of substructure I, (b) eigenvalues of substructure II, and (c)
sliding mode behaviour [80].

In general terms, a system with scalar control can be represented by

&= f(x,t,u) (3.5.1)

where x is a state vector, f is a function vector, ¢ is the time vector and u is the input vector.
Given a sliding surface as o(x,t) = 0, the system can be rewritten as,
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Figure 3.36. General diagram of sliding mode control [82].

fr(z,t,ut) for o —0F

Fla,tu) = {f(:c,t,u) for o —0" (3.5.2)
where the scalar input is defined as,
ut for >0
4= {u_ for o<0 (3.5.3)

The system is said to be in sliding mode when a representative point of the system moves
along the sliding surface o (x,t) = 0, as shown in Fig. 3.36. Consequently, the control design
consists in developing a sliding surface and continuous functions u* and ™, so that the closed
loop system is maintained on sliding mode [82]. In this work, ™ = 1 and v~ = 0 are the
outputs of the hysteresis comparator.

For the implementation of the sliding mode control for DBI shown in Fig. 3.2, the diagonal
power devices of the inverter (S; and S4) are controlled with the same gating signals u(t),
while the other diagonal power devices (S3 and S3) are controlled with the complementary
gating signals 1 — u(t). These two complementary control signals define the global operation
of the system. This approach shows the difference regarding other control strategies, where
the model of the inverter is obtained for each boost converter.

In this case, the output current is established as shown in Fig. 3.37 because the output
voltage (v,) of the DBI is defined as,

Uo(t) = vea(t) — ver (£) (3.5.4)

Considering this definition and the signals u(t) = S; and 1 — u(t) = S3, the averaged
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Figure 3.37. Dual boost inverter topology with other considerations.

switched model of the DBI is described by

Ly diLdlt(t) — upy — ver (1) - (1 — u(t)) (3.5.5)
dira(t) B

L2 di = Upy — Uc2 (t) . U(t) (356)

a8 _ (1) i) + i) (3.5.7)

228 ) i) — i) (3.5.8)

where ¢1,7 and ipo are the currents through the inductors Ly and Lo, s is the grid current,
U1 and vep are the voltage of the capacitors, vy, is the input voltage, u(t) and 1 — u(t) are
the duty cycles, and S and S5 are the switching signals.

The product between the state variables and control input (bilinear term) in equations (3.5.5)—
(3.5.8) shows that the non-linearity of the inverter model is preserved.

On the other hand, the DBI is integrated to the grid through an inductive filter Ly (Rs
represents the resistance of the inductive filter and grid), as illustrated in Fig. 3.38. In base
on this equivalent circuit, the voltage equation can be determined by

L, di;it) — ea(t) — e (t) —ia (£) Rs — v4(t) (3.5.9)
N— ————
o (t)

The proposed control of the DBI is shown in Fig. 3.39, which consists of cascaded control
loops. The fast non-linear inner control loop, based on sliding mode control, regulates the
difference of the current in the inductors of boost converters, while the linear and slower
control loop, manages through a PR the current injected to the grid. The last external
control loop is designed to regulate the PV voltage indirectly through the control of the input
capacitor voltage. Finally, in other to obtain the maximum power from the PV panel, the
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Figure 3.38. Equivalent model of the DBI with grid connection (global control).
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Figure 3.39. The cascaded control scheme of the grid-connected DBI, with external PR
controller and internal sliding mode controller.

3.5.1 Control of the boost current

To control the output current of the DBI, the sliding mode approach is proposed for the non-
linear inner control loop. The analysis here developed has its foundation in the behavior of
the variables of the dual boost inverter under the presence of a sinusoidal reference introduced
in [66]. However, this was solved in [66] to obtain a voltage control loop with a linear load,
which cannot be directly extended for a current control in the grid-connected applications.
This adds a new state variable to the system defined in (3.1.5). Thus, it is necessary to adapt
the SMC law to fulfill this new control objective. To accomplish this, the analysis is based
on the equivalent control approach.
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3.5.1.1 Sliding surface selection

Considering that the output voltage of the inverter is obtained from subtracting the voltage of
the capacitors (ve1 and vee), and that the capacitor voltage control is related to the inductor
current, it is possible to establish that the difference between the current of the inductors
indirectly controls the output voltage of the dual boost inverter [18]. Therefore, the sliding
surface (o(t)) can be defined by

o(t) = —ka(t) + ir2(t) — iv1(t) (3.5.10)

where k5 is the output of external control loop.
Please note that by considering the current derivatives of (3.5.5) and (3.5.6), the sliding
surface can be rewritten as

o(t) = —ks(t) +j ﬁf’? - “%’f) 'u(t)} dt—/t {”LPI - leift) A —u(t)|dt  (3.5.11)

to tO

3.5.1.2 Equivalent control

In order to guarantee that the sliding mode is maintained on the selected surface, it is neces-
sary to find the equivalent control (ueq) through the invariance condition given by

do
— =0 3.5.12

dt | o=0 ( )
U=Ueq

Hence, the derivative of the sliding surface evaluated in 0 = 0 and u = ueq is

Upy  Ue1(t)
oq(t _ bV
Ueq (1) I + I

do _ dka(t) | vpv  vea(t)

E o dt Lo Lo

(1= ueq () =0 (3.5.13)

From (3.5.13) and due to the symmetry of the inverter (L = L; = Lj), the equivalent
control is defined as

teat) = (_ dk;;t(t) N UclL(t>) o i — (3.5.14)

3.5.1.3 Existence condition

With the expression of equivalent control in (3.5.14), the next step is to prove the existence
condition, which can be determined by

do(x,t)

o(x,t) - 0

<0 (3.5.15)

Thus, the derivative of the surface is replaced in (3.5.15), expressing the existence condition
as
Upy Vel (t)

dt L L

o _dkg(f) + Upv ch(t)
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To establish a relationship between u(t) and ueq(t), the expression —ueq(t) + teq(t) = 0
is added in (3.5.16), resulting in

<0
)

dks (t v c2(t v c1(t
20 ) Vo220 (1) eq(t) + uea(t) | - % 4 D h-mwwWw+%wJ>]
=0 =0
(3.5.17
It is possible to reduce (3.5.17) by considering (3.5.13), which leads to
e (E c2 (t
o |Pr®@ v ® b @)] <0 (3.5.18)

L

Finally, evaluating (3.5.18), and considering that v.; > 0, ves > 0 and L > 0, it can
be determined that if the switching surface is positive, the term (—u(t) + ueq(t)) should be
negative to accomplish the existence condition, which implies v = u™ = 1. Otherwise, if the
switching surface is negative, the term (—u(t) 4 ueq(t)) should be positive and the action
control takes the minimum value (u = u~ = 0), which can be expressed as

= + =
{a >0and u>ueq —u=ut=1 (3.5.19)

c<O0and u < tUeq —ru=u =0

The control action defined by (3.5.19) leads to the state trajectory to slide on the switching
surface and eventually reach the intersection of the switching surface and the equilibrium point
converging in a finite time, as demonstrated in [66].

3.5.2 Control of the grid current

The main goal of this loop is to regulate the grid current of the DBI. The angle of ¢ is obtained
from a PLL, which is used to reconstruct a sinusoidal waveform enabling synchronization with
the grid [3,83]. The amplitude for the current reference is provided by the PI controller, which
regulates the energy through C,. Since the current reference is sinusoidal, a proportional
resonant controller is used, which is tuned to the grid frequency ws.

3.5.2.1 Linearization

To design the controller of the outer loop, it is necessary to find the transfer function between
the grid current i5 and the output of the external control loop ks. The equivalent control
approach (Equation (3.5.14)) is used to introduce the variable ko in the averaged switched
model of the inverter. Therefore, the equivalent control of ueq(t) and its complement (1 —
Ueq(t)) are redefined as

_ Ucl(t) L ) dkg(t)
tealt) = i T oa®  va® L oald  dt (3:5.20)
1 = g (t) = —2e2®) L  dha(t) (3.5.21)

Vel (t) + Ueo (t) Vel (t) + Ve2 (t) dt

The control signals u(t) and 1 — u(t) are substituted by the equivalent control ucq(t) and
1 — ueq(t) in equations (3.5.5)—(3.5.8), where it is possible to identify that the derivative of
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current through L, presents the same behavior of the derivative of i1,5. For this reason, 1,1
was omitted and the state variables of the non-linear model are defined by

o) —Ca(® (3.5.22)
where
C dia(t) ]
f x1 )
Fz) = ;j, - i; - dvfzt(t)
fa T4 dz‘fft) (3.5.23)
L Tar

y=[i]=[2]
u = [ k?g ]
Taking into account that o(t) = 0, the current through inductor L; can be obtained as,

iL1(t) = iLa(t) — ka(t) (3.5.24)

Considering (3.5.24), v, = vea — U1, and that the value of the capacitors are the same
C1 = Cy = C, the linear model of the system can be expressed as

— 1 1 -
0 —— —— 0
. 1
Ay 1 éL SL 1 Az 01 7
. Ag °5C = A _1
3 — 0 R 3 0 0
Aty e T < Ay 0 0
LY L L I =
A
(3.5.25)
A,Il
Ay=[0 0 0 1]- NG (3.5.26)

\ , A.’Eg
C A$4

Please note that the same equilibrium point shown in [66] was used in this analysis, which is

defined as [z10, Z20, T30, T40, k2o] = [0, 2 Vpy, 2+ vpy, 0, O]
Considering the equations in Laplace domain, the transfer function can be defined as
A _
Gis) = 299 _Gls1—a) B (3.5.27)
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Replacing the matrices and performing some algebraic operations, the relation between
the grid current i5s and ks can be derived as
_ Ays) is(s) 1 1
" Au(s)  ke(s) 2CLy , R 2
CrnCter

Please note that the transfer function is of second order and depends only on the capacitor
value, the grid filter, and the grid resistance.

G(s)

(3.5.28)

3.5.2.2 Outer control design

The plant G(s) is critically stable because it presents a complex conjugate pole pair in the
left half-plane close to the imaginary axis. To better illustrate this issue, the frequency
response of the plant is shown in Fig. 3.40, where a significant resonant peak located at
1 kHz can be appreciated. To compensate this peak, to assure a zero steady-state error at
60 Hz (grid frequency) and to regulate the grid current of the inverter, a PR controller is
used. The transfer function of the PR controller in the Laplace domain is given by

2k;wes

C =kp+ ———"-"—"7-"-"——
Pr(s) Pt 52 + 2w s + wy2

(3.5.29)

where £, is the proportional gain, k; is the resonant gain, w, is the cut-off frequency, and w,
is the fundamental frequency.
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Figure 3.40. Bode diagrams of the plant and phase compensator.

Please note that to deal with the sensitivity issue of the ideal PR controller, a bandwidth
around the resonant frequency of the controller is added through the cut-off frequency, ob-
taining a non-ideal PR controller with finite gain [84]. The parameters applied to calculate
the PR controller are shown in Table 3.7.
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Figure 3.41. Bode diagrams of closed-loop without and with the phase compensator.

The closed-loop Bode diagram of the system (77) is shown in Fig. 3.41. Although a finite
gain at grid frequency is introduced to obtain a zero-state error in the tracking of the grid
current reference, a sufficient degree of the relative stability is not achieved, since the phase
margin is equal to zero [85]. Therefore, a phase compensator Cy is included to increase the
phase margin. The transfer function of this compensator is given by

s+ a
s+b

Cy(s) =k- (3.5.30)
This compensator is composed of a pole and a zero to incorporate phase in the system [86].
As a result, the effect of the cascaded phase compensator is shown in the bode diagram of
closed-loop T»(s) of Fig. 3.41, where a phase margin of 40.3° is achieved. The parameters of
the phase compensator are shown in Table 3.7.

In addition, to avoid an offset in the grid current of the inverter, due to the fact that in a
practical implementation both DC-DC converters will not be exactly the same, an integration
term is incorporated in the control scheme, as shown in Fig. 3.39, to force the steady-state
error to zero at w = 0.

3.56.3 Simulation results with sliding mode control for DBI

In order to analyze the behavior of the sliding mode strategy, the DBI with the PV panel as
input source is implemented in the PLECs software. The main parameters of the PV panel
together with the grid, inverter and control parameters are listed in Table 3.7.

The simulation results of the DBI under steady-state operation are presented in the first
part of this section. Two operation points are chosen, which are the same used in the previous
cases (linear control, FCS-MPC and flatness-based control), i.e two different level of the PV
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Table 3.7. Simulation parameters of the sliding mode control for DBI.

Symbol Parameter Value
PV Parameters
Vinpp PV voltage at MPP 29V
Py, PV power 216 W
Ve Open circuit voltage 36.1V
I, Short circuit current 8.13 A
Grid Parameters
Vg Grid voltage 110 Vips
fs Grid frequency 60 Hz
Ly Grid filter inductance 10 mH
Converter Parameters
Cov Input capacitor 25 mF
Ly, Ly Inverter inductors 55 u H
C1, Cs Inverter capacitors 5 uF
Control Parameters
kaI Proportional gain of PI (PV voltage control) 4
kP! Integral gain of PI (PV voltage control) 50
k Gain of Cy 9
kp Proportional gain of PR 50
ki Resonant gain of PR 500
We Cut-off frequency of PR 5 rad/s
a Zero of phase compensator 2000
b Pole of phase compensator 35.000

power. The first input power is 216 W, which corresponds to the nominal condition, and
the other input power is around 150 W. On the other hand, the second test is presented to
evaluate the dynamic performance. This test consists of a step-down in the input power at
time 2.0 s.

The first case of analysis of the steady-state operation is with 1000 W/m?* of the solar
irradiance, which corresponds to an input power of 216 W generated by the PV panel. The
main results are shown in Fig. 3.42. The voltage of the capacitors (vc1, vee) are shown in
Fig. 3.42(a), where each voltage is composed by DC and AC components. In this case, the
DC component is the same in each converter. It is 58 V, which is the double of the input
voltage, as expected through the previous analysis, and the amplitude of AC component is
half of the output voltage on the inverter, i.e 77.78 V ((110 - /2)/2). Please note that, the
voltage of the capacitors is not sinusoidal. However, the difference of the voltages between
these waveforms (output voltage) is sinusoidal.

In the Fig. 3.42(b), the currents in the inductors are illustrated. The peak amplitudes of
the currents are the same in both inductors, as expected. Then, the phases between these
waveform are shifted 180°, similar to the voltage of the capacitors.

For the second case of the steady-state operation, the input power chosen is 150 W, which
is achieved when the solar irradiance in the PV panel is 700 W/m?. In this case, the waveforms
of the voltage capacitors are the same with regard to the previous case, as it can be seen in

2
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Fig. 3.42(a). For the inductor currents, the peak amplitudes are different because the input
power changes (see Fig. 3.44(b)).

For both cases, the grid current is a sinusoidal and always in phase with the grid voltage,
as illustrated in Fig. 3.42(c) and 3.44(c). Then, the frequency spectrum of the output current
is shown in Fig. 3.43 and 3.45. Also, the THD for each case is added in these figures. As
it can be observed, the harmonics and THD for both power levels are within the standard
limits.

The simulation results of the second test are illustrated in Fig. 3.46 and 3.47. A step-down
in the solar irradiance from 1000 W/m? to 700 W/m? at time ¢ = 2.0 s is used in the second
test to evaluate the dynamic performance of the proposed control. Please notice that the
solar irradiance values are equal to the steady-state tests.

The reference vy, and measurement vy, of the panel voltage are shown in Fig. 3.46(a).
Note that, the three voltage levels due to the MPPT algorithm can be identified. When the
solar irradiation is reduced, the PV current also decreases as shown in Fig. 3.46(b). As a
result of this change, the PV power is reduced as it can be seen in Fig. 3.46(c). Therefore,
the PV voltage changes the value to achieve the new power point.

The main waveforms of the DBI and its control for the second dynamic test are exposed
in Fig. 3.47. When the PV power decreases at two seconds, the reference of the grid current
is also reduced (see Fig. 3.47(d)), which is reflected in the reduction of the amplitude of the
inductor currents, as expected. Please note that during this test, the capacitor voltages are
kept constant.

The reduction effect is also seen in the control signal. For example, the reference (kz) of
the inner control loop and the difference between the inductor currents are decreased at 2.0 s,
as observed in Fig. 3.47(c). Then, the tracking of the grid current reference is achieved in all
the tests, as it can be seen in the Fig. 3.47(d).

On the other hand, the grid current is very close to a sinusoidal and always in phase with
the grid voltage, as shown in Fig. 3.47(e).

3.5.4 Discussion

A global sliding mode current control scheme for a grid-connected DBI is presented in this
section. Three control loops compose the proposed method: a PI control loop regulates the
energy of the input capacitor, a linear PR control loop is designed to regulate the output
current of the inverter (grid current), while the non-linear sliding mode inner control loop
regulates the difference between the current of the inductors of the DBI, which allows control
of the output voltages of the capacitors indirectly.

However, the experimental implementation of this strategy could become a disadvantage
since an analogue circuit is used to implement the hysteresis stage in order to generate the
switching signals at finite frequency (variable switching frequency). On the other hand, a
digital implementation of the hysteresis requires a high computational demand.
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Figure 3.42. Steady-state results of sliding mode control for DBI at 216 W of PV power: (a)
Capacitor voltage of each boost converter, (b) inductor current of each boost converter, and
(¢) grid voltage and current.
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Figure 3.43. Grid current spectrum of DBI with sliding mode control at 216 W of PV power.
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Figure 3.44. Steady-state results of sliding mode control for DBI at 150 W of PV power: (a)
Capacitor voltage of each boost converter, (b) inductor current of each boost converter, and
(c) grid voltage and current.
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Figure 3.45. Grid current spectrum of DBI with sliding mode control at 150 W of PV power.
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3.6 Comparison

In this section, a comparison between the linear control and the three proposed non-linear
control strategies is presented. In order to achieve a fair comparison, parameters of the
simulated systems are uniformed. Dynamic behavior of each control techniques is performed
under the same scenario considering a variation in the irradiation received by the PV source

The main parameters considered in the comparison are control targets, number of the
cascaded control loops, and two performance metrics [87]: the total harmonic distortion
(THD) and average switching frequency.

As previously mentioned in section 3.1, the control strategies for DBI can be classified in
independent and global methods. In this work, linear control, FCS-Model Predictive Control
and flatness-based control strategies are based on the independent control strategy, where
each boost converter is regulated to obtain a sinusoidal output voltage. On the other hand,
the sliding control strategy relies on a global control strategy.

Since the input source is a PV panel, the first control loop of the four control strategies
presented in this work consists of a MPPT algorithm and an input capacitor energy control
loop to regulate indirectly the PV voltage. For the linear control, the control targets are
the input capacitor energy, the output capacitor voltage and the inductor current of each
boost converter. The output of the first control loop is the power reference from which the
output voltage references of the boost converters are calculated. Considering that the boost
converters are identical, only the control scheme for one boost converter will be described.
The control strategy for the second converter is similar. The output voltage of the capacitor
is regulated through a PR controller, whose output is the current capacitor reference ¢};. This
signal is used to calculate the reference of the inductor current ij;. A second PR controller
is employed to regulate the current through the inductor. The output of this controller is
the inductor voltage v, which is compensated in order to find the duty-cycle. The linear
control scheme for the grid-connection of the DBI with PV panel is shown in Fig. 3.48(a).

In the case of FCS-MPC, the main goals of control are the energy of the input capacitor,
the current through the inductor, and voltage in the capacitor for each boost converter.
Therefore, a cascaded control loops scheme is used, where the first control loop regulates
the energy of the input capacitor Cl,, followed by the FCS-Model Predictive Control stage,
which regulates the output capacitor voltage, and inductor current in each boost converter,
as shown in Fig. 3.48(b).

The flatness-based control scheme consists of two cascaded loops, as shown in Fig. 3.48(c).
The targets of its first control loop are similar to the control scheme of the linear control, i.e.
input capacitor energy regulation and indirect active power control. The second loop control
regulates the energy stored in the output capacitors C7, Cs, and inductors Ly, Ly of the DBI.

Considering the description of the control schemes mentioned before, five control loops in
total are required to regulate the DBI with linear control. For FCS-Model Predictive Control
and flatness based control, it is necessary two and three control loops in total, respectively.
The summary of the total number of the control loops for each control strategy is shown in
Table 3.8.

In a different way, the proposed control based on the sliding mode approach considers the
global strategy, where the main control purpose is the output current of the DBI. To achieve
this objective, the cascaded control scheme shown in Fig. 3.48(d) was employed. The target
of the first loop, like the previous schemes, is the energy of the input capacitor. The output
current of the DBI is the control objective of the second control loop. To continue, the inner
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Figure 3.48. The four diagram control of the DBI: (a) Linear control, (b) FCS-MPC, (c)
flatness-based control, and (d) sliding mode control.
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control loop determines the switching surface based on the difference of the current in the
inductors regulation. Since, the sliding mode control is based on a current regulation, fewer
sensors are required since the output voltage is not directly controlled and does not need to
be measured.

Another important point to consider is the behavior of the inverter operating in the
nominal power at 216 W. In the four control schemes, the voltage of the capacitors (C; and
C5) is composed by DC and AC components, as shown in Fig. 3.49. The AC component of
the capacitor voltages with the linear control, FCS-MPC and flatness-based strategies is a
pure sinusoidal, in which the maximum amplitude is around 77 V. While, the DC voltage
component is 112.7 V. On the other hand, the DC component is 58 V with the sliding mode
control, which is the double of the input voltage, which is an effect of the sliding mode
strategy.

The tracking of the output capacitor voltage references vy, vy, is achieved by the linear
control, the FCS-Model Predictive Control and the flatness-based control. However, high
frequency oscillations are presented in the linear control case, which are reflected in the
current waveforms. On the other hand, the output voltage capacitors obtained with FCS-
MPC also have some oscillations influencing the performance on the output current.

The current through the inductors (iy,; and ip3) with the four control proposed present
a negative component due to the circulating power. The current ripple chosen in the design
was 5 A, which is achieved with the linear control, flatness-based control and sliding mode
control, as shown in Fig. 3.50(a), Fig. 3.50(c) and Fig. 3.50(d).

Also, the average switching frequency (f,,) is another point to analyze, because this
parameter is directly influenced by the inductor current ripple. In the linear control, flatness-
based and sliding mode controls, the average switching frequency obtained was around 80 kHz.
On the other hand, the current ripple in the positive peak with FCS-MPC is 14.98 A, while
the average switching frequency is 50 kHz. It is important to indicate that the switching
frequency does not correspond to the current ripple value, since the switching frequency in
FCS-MPC is variable, which is the main disadvantage of this control, as indicated in the
previous section.

On the other hand, to achieve an average switching frequency of 80 kHz with FCS-MPC,
it is necessary a very small sampling time. For example, the sampling time used in the
simulation was 5x10® s, where the average switching frequency is 50 kHz. Therefore, the
sampling time should be reduced at 3.3x10° s to obtain the 80 kHz as average switching
frequency. The inductor currents with this sampling time are shown in the Fig. 3.51, which
presents a zoom in the positive and negative peaks, where it is possible to identify that the
switching frequency in the positive peak is 45 kHz (1/A¢1), and the current ripple is 9.94 A.
For this reason, the sampling time is selected to obtain a good trade-off between the average
switching frequency and the ripple of the inductor. The design value of the inductor ripple
can be achieved but the sampling time should be very small, and the platform to implement
this control should be more advanced. Therefore, the sampling time used in the simulations
is 5x107° s.

Moreover, it is important to evaluate the power quality obtained with each control pro-
posed. For this, the total harmonic distortion and spectrum of the grid current are considered.
The grid currents obtained with the four control methods comply with the IEEE standard
1547, as it can be observed in Fig. 3.52. However, the highest THD among the four con-
trols was with the linear control strategy, because the output current of the DBI with the
linear control contains more oscillations than with other controllers, as shown in Fig. 3.10(c)
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Figure 3.51. Zoom of the inductor currents of the DBI with FCS-Model Predictive Control.

Fig. 3.19(c), 3.28(c), and 3.42(c).

Finally, a summary with the main quantitative parameters of each control strategy is
shown in Table 3.8. Also, the main features and waveforms with each control strategy are
presented in Table 3.9. The output current of the inverter with the four control strategies
complies with the IEEE standard. However, the linear control and the FCS-MPC present
the highest THD in regards to the others control strategies. Also, the linear control have
the highest number of the control loops to regulate the DBI, and the design and tuning the
parameters of the PR controllers are difficult procedures. On the other hand, FCS-MPC
presents a variable switching frequency complicating the grid filter design, and the tuning
of the weight factor is a non-easy task due to the different dynamics of the control goals
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in the cost function. For these reasons, the linear control and FCS-MPC present the worst
performance of the four controls proposed. On the other hand, a fixed switching frequency is
achieved with the flatness-based control. But, the difficult implementation of the derivatives
is the main disadvantage of this control strategy.

Despite the fact that the switching frequency is also variable with the sliding mode control,
this proposal presents the best THD of the grid current. Also, the control goals are based
on the current regulation of the inverter, which means that fewer sensors are used, since the
capacitor voltage v.1, vco sensors are not required. Considering all the comparison parameters
mentioned above, which are resumed in Table 3.8, the sliding mode control is the most
attractive control strategy and will be used for experimental validation.

Table 3.8. Main parameters of comparison.

Parameters Linear FCS-MPC Flatness- Sliding mode
control based control control

Total number of 5 9 3 3

control loops

Capacitor voltages

AC component Sinusoidal  Sinusoidal Sinusoidal No sinusoidal

DC component 1126V 1126V 1126V 58 V

Average switching ;o550 11, 79140 Hy 79980 Hz 85680 Hz

frequency

Ripple of inductor ., 9.94 A 523 A 5.10 A

currents

THD,_ 3.85 % 3.58 % 2.59 % 2.48 %
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Figure 3.52. Grid current spectrum of DBI at nominal power with: (a) Linear control, (b)
FCS-Model Predictive Control, (c) flatness-based control, and (d) sliding mode control.
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Chapter 4

EXPERIMENTAL VALIDATION

Although four different controllers are analyzed and presented in the previous section, only
one control strategy is selected to test in the laboratory. The criterias of selection were the
simple implementation of the control scheme, the best THD of output current between linear
control and the three non-linear strategies, and that the hardware was designed and developed
in another project.

The hardware used for validation of this comparison was based on an experimental pro-
totype developed for a sliding mode project (F82140010). Therefore, part of the hardware
was specifically designed to implement the gate drives and pulse through the sliding mode
strategy. This part is an analogical circuit, which is included in the designed control board
and this item can not be bypass in order to use other control schemes. Hence, the sliding
mode strategy was selected.

In addition to this, the components used in the design of the power converter were not
originally planned for PV microinverter application. Therefore, the amount of the voltage
ratio between the input and output is achievable with the existing parameters, but the spec-
trum and THD of the grid current obtained are not good. Thus, a new voltage set point was
chosen from 70 V input, which is obtained with a fixed DC source. Because of this voltage
difference, the results obtained in the previous chapters can not be used for comparisons
with experimental results. Therefore, the new simulation results are introduced in the first
section of this chapter in order to fully validate the simulation versus experimental part of
the prototype.

Although this difference in input voltage might be interpreted as non-microinverter ap-
plication. There are some PV microinverters with high voltage at input, where innovative
technologies for the PV modules can be used. In table 4.1, three different technologies for the
solar cell are shown, as the cell built on solid copper foundation of SunPower company [88],
the cell based on ultra thin amorphous silicon layers of Panasonic company [89], and the
cell with thin film of First solar [90]. Particularly the thin film technology in PV modules
usually achieves high PV voltage, such as the PV panel of First Solar Series 4 (FS-4120A-3).
Although this voltage operation is not for all types of PV microinverter, it still valid enough
to perform a validation.

The purpose of this chapter is to show that the analysis and models used for simulation
and comparisons are valid. Therefore, changing the input voltage parameter from 30 V to
70V does not affect the conclusion achieved in the previous chapter.
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4.1 Simulation results with fixed input source

Table 4.1. PV modules with high voltage at maximum power.

P Panaso First Solar
PR 0 FS-4120A-3

Nominal Power (Pmpp) 335W 330 W 117.5W
*3 Voltage at Pmax (Vmpp) 573V 58.0V 70.1V
% Current at Pmax (Impp) 5.85A 5.70 A 1.68 A
S
4= Open Circuit Voltage (Voc) 679V 69.7V 88.1V
g Short Circuit Current (Isc) 6.23 A 6.07 A 1.83 A
Module Efficiency 21 % 19.7 % 16.3 %
Maxeon Solar cell | Bifacial cell uses ultra
Cell type (cell built on a solid | thin amorphous silicon Thin film cell
copper foundation) layers
Number of solar cells 96 monocrystalline 96 heterojunction Up to 216 cells

Maxeon cells solar cells

PV module photo

4.1 Simulation results with fixed input source

Considering that the level of input voltage for the design of the DBI was 70 V. It is necessary
to introduce a brief analysis of the DBI with this new operating point. Therefore, the inverter
with a fixed input source shown in Fig. 4.1 is simulated.

The control strategy is exactly the same used in section 3.5. The only difference is that the
control scheme does not present the PV voltage control loop, as illustrated in Fig. 4.2. The
external control loop regulates the output current, this loop is based on the PR controller,
in which an integral term is inserted into to avoid a DC component in the output current of
the inverter. Also, a phase compensator is introduced in this control loop to add the phase
margin, as it can be seen in Fig. 4.3. Then, the internal control loop regulates the difference
of the inductor currents.

To evaluate the performance of the sliding mode control with this new condition, the DBI
with a fixed input source is simulated in the PLECs software. The main parameters of the
DBI and its control are listed in Table 4.2. First, the steady-state operation of the inverter is
presented. Then, two dynamic tests are designed to show the effect of perturbations in each

variable.
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Figure 4.1. Dual boost inverter topology with 70 V input.
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Figure 4.2. The cascaded control scheme of the grid-connected DBI with 70 V input.
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4.1.1 Steady-state operation in simulation

The first simulation results introduce the inverter operation under the steady-state, when the
input power is 110 W and the grid current is 1 A. The waveforms of the main variables are
presented in Fig. 4.5. Please recognize that, three periods of each variable are considered.

Fig. 4.5(a) shows the capacitor voltages v.; and v.2, which consist of DC and AC compo-
nents. The DC voltage is the double of the input source as expected, i.e 140 V. The amplitudes
of these voltages are equal and their phases are opposite. The waveforms of the capacitor
voltages are not sinusoidal, but the difference between v.; and ve is pure sinusoidal. On the
other hand, the inductor currents ir; and 4o are presented in Fig. 4.5(b), where it can be
seen that the amplitude of the currents is the same of each boost converter.

The tracking of the grid current reference (i¥) was achieved, as it can be observed in

S

Fig. 4.5(d). Also, the grid current is is shown in Fig. 4.5(e) together with the grid voltage vy,
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Figure 4.3. Bode diagrams: (a) plant and phase compensator, (b) closed-loop without and
with the phase compensator of the DBI with 70 V input.
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Table 4.2. Simulation parameters of the sliding mode control for DBI with 70 V input.

Symbol Parameter Value

Grid Parameters

Ug Grid voltage 110 Vips

fs Grid frequency 60 Hz

Ly Grid filter inductance 10 mH
Converter Parameters

Vi Input voltage 70V

Ly, Lo Inverter inductors 55 u H

Cy, Cy Inverter capacitors 5 uF

Control Parameters

k Gain of Cy 2

kp Proportional gain of PR 5

k; Resonant gain of PR 700

We Cut-off frequency of PR 5 rad/s

a Zero of phase compensator 2000

b Pole of phase compensator 35.000

where it is possible to identify that the two waveforms are in phase.

Finally, the power quality is analyzed by the spectrum and THD of the grid current. The
harmonics of the grid current are exposed in Fig. 4.4, where the third harmonic is strongest.
However, all harmonics are within limits of the IEEE standard 1547. Also, the grid current
shows a THD of 3.78 %.

O.l T T T T T
| 0 IEEE Sud. 1547
=
= THD;, =3.78%
2005 F 1
=
&9
B ‘ \—\—\—
0 1
0 05 1.0 15 2.0 25 3.0

Frequency [kHz]

Figure 4.4. Simulation results: Grid current spectrum of sliding mode control for DBI with
70 V input.

4.1.2 Dynamic tests in simulation

To verify the effectiveness of the sliding mode control for DBI, two scenarios are introduced.
The first scenario consists of the variations in the reference of the grid current. And the other
scenario shows the performance of the inverter under a change of the grid voltage amplitude.

The Fig. 4.6 shows two variations in the reference of the grid current to analyze the
dynamic response of the control under perturbations. At time ¢ = 0.1 s, the first variation
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Figure 4.5. Simulations results of sliding mode control for DBI with 70 V input: a) Capacitor
voltages, b) inductor currents, ¢) control signals, and d) grid current and voltage.
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is introduced, where the amplitude of the grid current is reduced of 1 A to 0.8 A. While,
the second variation is made at ¢ = 0.2 s, in which the amplitude of the grid current is
incremented of 0.8 A to 1 A. For both tests, the grid current follows its reference at any time,
as shown in Fig. 4.6(d). Also, a fast response of the control proposed is identified (Please see
Fig. 4.6(c)).

On the other hand, the main effect of these tests can be seen in the currents of the
inductors, where the amplitudes of 71,1 and i1, change depending on the operating points, as
illustrated in Fig. 4.6(b). Note that, the voltage of the capacitors shown in Fig.4.6(a) in both
tests is kept constant.

The simulation results of the second scenario are presented in Fig. 4.7. The main goal of
this test is to evaluate the robustness of the control proposed, for which a transition in the
amplitude of the grid voltage is introduced at time ¢t = 1.5 s. In the Fig. 4.7(e), it is possible
to identify that the amplitude of grid voltage changes from 88 Vs to 110 V5. As expected,
the amplitude of the capacitor voltages (see Fig. 4.7.(a)) also increments. However, the grid
current is kept constant under this change. Thus, the robustness of the control is verified.
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Figure 4.6. Dynamic simulation results of sliding mode control for DBI with 70 V input under
variations in the grid current reference: a) Capacitor voltages, b) inductor currents, ¢) control
signals, d) reference and measurement of grid current, and e) grid current and voltage.
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Figure 4.7. Dynamic simulation results of sliding mode control for DBI with 70 V input under
grid perturbation: a) Capacitor voltages, b) inductor currents, c) control signals, d) reference
and measurement of grid current, and e) grid current and voltage.
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4.2 Experimental setup

The proposed control for the DBI is validated using the experimental setup shown in Fig. 4.8.
The experimental prototype is composed of the power and control parts.

Analog Control

r
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
L

DC voltage source DC-AC AC voltage source
dSPACE-MicroLabBox Keysight N5770A converter Chroma-61704

CONTROL POWER

Figure 4.8. Experimental diagram of dual boost inverter.

4.2.1 Power stage

In the power part, two DC-DC boost converters have been connected in differential mode,
the differential output is connected to the grid through a line filter.

The nominal power of each DC-DC converter is 1 kW. The bank of the inductors is
composed by 5 inductors in series of 11 pyH. The part number of the inductor is HA55-
3023130LF. The main specifications are the rated and saturation currents, which are 37 A
and 40 A, respectively. In addition, the output capacitor of each DC-DC converter is 5 pF
with 900 V of rated voltage. Notice that, the phase leg SiC MOSFET power module (part
number: APTMC120AM55CT1AG) of Microsemic is used. The nominal parameters of the
setup are summarized in Table 4.3.

The used input voltage source is a DC voltage source (Keysight N5770A) operating at
70 Vpc, while the grid has been emulated using an AC source (Chroma 61704) operating at
110 V;p,5/60 Hz. Also, a power resistor of 147 2 is used in parallel in order to obtain the
regenerative operation.

The electrical measurements for the control are composed by four signals: three currents
and one voltage. Each power board has one circuit for the current measurement (inductor
current), which is based on LEM sensor model T60404-N4646-X762 of the Vaccumschmelze
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manufacture. The main parameters of this sensor are 15 A of the primary nominal current
and + 51 A of the maximum measuring range. The other two measurements are the grid
side signals (current and voltage), which are adapted on the control board. The grid current
measurement as the same of the others two inductor currents is based on a LEM sensor. The
LEM sensor model for this measurement is T60404-N4646-X653 of the same manufacture
as others. In this case, the primary nominal current is 6 A and the maximum measuring
range is £ 20 A. While, the grid voltage measurement is based on low-noise operational
amplifiers (OPA376) and isolation amplifiers (ACPL-C79A). All measurement signals are
adjusted according to operation conditions through operational amplifiers. Then, the coaxial
cables are used to connect the output sensors and operational amplification to the DSpace-
MicroLabBox analog inputs.

Table 4.3. Main parameters of the experimental setup.

Symbol Parameter Experimental Value

Grid Parameters

Vg Grid voltage 110 Vims

fs Grid frequency 60 Hz

Ly Grid filter inductance 10 mH
Converter Parameters

Vi Input voltage 0V

C; Input capacitor 12000 pF
Ly, Lo Inverter inductors 55 uH
C1, Co Inverter capacitors 5 uF

4.2.2 Control section

Conventional control systems for power converters are implemented using digital platforms
such as DSP and FPGA, due to their fast computational times. On the other hand, sliding
mode control is commonly implemented with analog circuits because a hysteresis comparator
is used to achieve a finite switching frequency. In this work, a hybrid implementation is
proposed taking the advantages of both types of implementation. The phase compensator and
PR controller are implemented in a DSpace MicroLabBox platform using Matlab/Simulink,
while an analog circuit is used to implement the sliding mode inner control loop, which
controls the current in the boost converters. The parameters of the control strategy are
shown in Table 4.4.

The main parameters of the MicroLabBox platform control [91] are presented in the Table
4.5. In this platform, the phase compensator is implemented through the Discrete Transfer
Fen block of Matlab/Simulink. Instead, the discrete model of the PR controller with anti-
windup are programmed in C using the S-Function Builder block, due to the fact that the
implementation with block of the PR controller is a difficult task. The Second-Order Gener-
alized Integrator Phase-Locked-Loop (SOGI-PLL) used to synchronize the current reference
with the grid is implemented with several blocks of the Matlab/Simulink. Furthermore, three
I/O channels are used: the grid voltage measurement and grid current measurement are ob-
tained with two ADC channels of the platform control and the one DAC channel is used to
obtained the output of the PR regulator.
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Table 4.4. Main parameters of the sliding mode control strategy.

Symbol Parameter Experimental Value
k Gain of Cy 1
kp Proportional gain of PR 50
ki Resonant gain of PR 700
We Cut-off frequency of PR 5 rad/s
a Zero of phase compensator 2000
b Pole of phase compensator 35,000

Additionally, an Human Machine Interface (HMI) implemented in the software ControlD-
esk is designed to adjust and operate different parts of the DBI. The HMI allows to charge
the input capacitor, adjust some parameters of the control (Gain of Cg, proportional gain of
PR, resonant gain of PR and the amplitude of the grid current reference), and identify which
protection is active through visual alarms in the panel.

Table 4.5. The main parameters of MicroLabBox.

Parameters Description

Real-time processor Freescale P5020 processor has dual-core with 2 GHz CPU clock

Input/Outputs
Parallel ADCs 24 channels x 16-bit resolution, a sample rate of 1 MSPS
8 channels x 14-bit resolution, a fixed sample rate of 10 MSPS
DACs 16 channels x 16-bit resolution,
a maximum settling time (to 1 LSB) of 1 us
Digital I/Os 48 bidirectional channels
12 bidirectional channels are used by some features
of the electric motor control
Peripheral
PWM Unit 48 bidirectional channels,

adjustable voltage level for the output: 2.5 V, 3.3V, 5.0V

The control board is composed by the analog circuit to implement of the sliding mode
controller, the dead time circuit of the power devices (SiC-MOSFETSs) and the adaptation of
the grid measurements. Fig. 4.9 shows the schematic diagram of the analog implementation
of the sliding mode controller, where two operational amplifiers are used to generate the
switching surface, while the hysteresis is achieved through a comparator LM319 and a J-K
Flip-Flop (MC14027B integrated circuit). The hysteresis boundaries given by the voltage
signals are regulated through variable resistors.

4.3 Experimental results

In this section, the operation of the sliding mode control for DBI connected to the grid is
presented. The experimental tests are divided into two: steady-state operation and dynamic
tests.
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Figure 4.9. Analog circuit for control stage, where R = 20 k2, R; = 10 k2, Ve = 2.5 V,
VCCQ = 5, V and C’l =0.1 ;LF.

4.3.1 Steady-state operation

To validate the behavior of the sliding mode control, the converter is tested when it is working
on the selected operation point, consisting in 1 A in the grid current reference. The experi-
mental results under steady-state operation are shown in Fig. 4.10.

The grid current reference i and current measurement ¢s of the DBI are presented in
Fig. 4.10(a), where it is possible to verify that accurate tracking of the current reference is
achieved by the PR controller. The angle of the reference was extracted from the grid voltage
vs, which is shown in Fig. 4.10(d) The output of this external control loop k2 is the reference
for the difference between the inductor currents, which can be seen in Fig. 4.10(a).

Fig. 4.10(b) shows the voltage of the capacitors and currents in the inductors, which are
balanced despite not being directly controlled. Please note that the magnitudes of the DC
and AC components of the output voltage and inductor current of each DC-DC converter
are the same. In the case of the voltages, the DC component of the capacitor voltage is 140
V, which is the double of the input voltage (Vin). The maximum value of the amplitude of
AC component is around 110 V, and the phases of these voltages are shifted by 180°.

From Fig. 4.10(c) it can be seen that the output voltage of the inverter is sinusoidal,
despite the voltage of each capacitor is not purely sinusoidal. Additionally, the condition
of proper operation of the inverter (v, > vg) is fulfilled, because the output voltage of the
inverter is around 111 Vgc rms, which is higher than the grid voltage (110 V).

Fig. 4.10(d) presents the grid current (i) and voltage (vs), together with the output voltage
and current through the inductance of one of the DC-DC converters. The grid current is very
close to a sinusoidal waveform and is always in phase with the grid voltage to ensure the power
factor close to unity.

The spectrum and total harmonic distortion (THD) of the grid current in the steady-state
were obtained to analyze the power quality. These results are presented together with the
limits of the IEEE standard 1547 in Fig. 4.11. Note how the harmonics present in the grid
current comply with the standard. The total harmonic distortion obtained for the grid current
is 4.47 %. This is a very good result, considering this is the first iteration of a laboratory
prototype (stray inductances and other circuit components have not been optimized), and a
simple inductive filter was used for grid connection. The harmonic content could be improved
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Figure 4.10. Experimental results with grid connection and input voltage of 70 V: (a) reference
and measurement of grid current, difference of the inductor currents and output of outer
control loop (k2), (b) voltage of the capacitors (ve1, ve2) and current through the inductors
(iL1, 12), (c) voltage of the capacitors (vc1, Uc2), voltage of the line filter, output voltage (v,)
and (d) ve1, in1, grid voltage and current.

further with higher order filters (such as LC' or LCL), typically used in such applications.

4.3.2 Dynamic tests

Two tests were performed to evaluate the dynamic performance of the proposed sliding mode
control method. The first test consists of a step-down and a step-up in the output (grid)
current reference (i%) to assess the tracking performance. The second test consists on applying
a voltage dip in the grid voltage (vs) to assess the performance under system perturbations.
Fig. 4.12(a) shows the experimental results associated with the step-down (1.0 to 0.8 A) in the
grid current reference, while Fig. 4.12(b) presents the results obtained for the step-up (0.8 to
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Figure 4.12. Experimental results under variations in the output current reference (voltage of
the capacitor Cy (ve1), current through the inductor Ly (ir,1), reference (i¥) and measurement
(is) of grid current): (a) Step-down in the output current reference, and (b) Step-up in the
output current reference.

1.0 A) in the grid current reference. As illustrated by both figures, a fast dynamic behavior is
achieved by the proposed sliding mode control method, where the tracking of the grid current
reference is promptly accomplished. As a result, the grid current variations are reflected in
the amplitude of the current through the inductor i1, (and i12); however the voltage of the
capacitor ve; (and ve2) in both cases is kept constant. Both step changes were introduced at
the peak value of the current reference, to evaluate the most demanding dynamic scenario for
the controller.

For the second dynamic test, shown in Fig. 4.13, a voltage dip of 20 % was introduced in
the grid voltage (only the transition from voltage dip to nominal voltage is shown). The grid
voltage amplitude transitions from 88 to 110 V,,,s. This generates an increase of the AC
component in the voltage of both output capacitors (ve; and ve2), while the grid current i
remains controlled without reflecting any change caused by this perturbation, highlighting
the robustness of the proposed control method. However, since the inductor current ir; (and
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Figure 4.13. Experimental dynamic performance under grid perturbation (from 20 % voltage
dip to nominal voltage): voltage of the capacitor Cy (vc1), current through the inductor Lq
(iL1), measurement of grid current (is), and grid voltage (vs).

i12) depends on the difference between the input voltage vi, and the voltage in each output
capacitor, a small variation is experienced by ir; and irs. Please note that during this test
the output (grid) current reference was kept constant.

4.3.3 Discussion

In this chapter the simulation and experimental results of the sliding mode control for the
DBI with 70 V input were presented.

The experimental results show the performance of the sliding mode control method for
a grid-connected DBI. The capacitor voltage and inductor current of each DC-DC converter
are balanced despite not having a direct control of them, confirming the results obtained in
the simulations.

The capacitor voltages are composed by the DC and AC components, where the DC
component is twice the input voltage, as expected. The waveforms of the inductor currents
present a negative part due to the power circulating generated by the differential connection.

On the one hand, the good reference tracking demonstrated the effectiveness of the sliding
control approach. On the other hand, the power quality showed good performance despite
using only an inductive filter for grid connection. The THD of the output current obtained in
the experimental validation was 4.47 %, which is higher than the value obtained in simulations
(3.78 %) due to the parasitic elements present in the experimental prototype. However, this
parameter is within the limit of the AC grid requirements.

In addition, the sliding mode control method was also tested under dynamic conditions
in the current reference and under grid voltage perturbations, achieving good performance in
both cases, where the robustness of the control strategy is verified, as presented in simulations,
i.e, when the amplitude of the grid voltage increased from 88 to 110 V,,,s , the capacitor
voltages also increased, but the grid current is not changed. On the other hand, the capacitor
voltages remain fixed despite a change in the reference of the output current occurs.
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CONCLUSIONS

After having analyzing all the items developed in this research, a classification of PV mi-
croinverters topologies found in the academic and industrial field is proposed. In this cat-
egorization, four architectures were identified and analyzed, where the unfolding inverter is
the most used in the industry since it presents some advantages as high efficiency and easy
control. Also, the single-stage topologies for PV microinverter have been widely studied in
the literature, because to elevate the PV voltage and inject AC power into the grid, only one
stage of the power conversion is used. And the efficiency could be increased. However, one
challenge of this single-stage topologies is their control.

Moreover, the typical topology found in the single-stage architecture is the dual boost
inverter (DBI), which the outputs of the DC-DC converters are connected in differential
mode. Although the efficiency is low, this converter was used to study different control
schemes.

Therefore, in this theses three non-linear control strategies for the dual boost inverter were
analyzed, developed and validated with simulations. Also, these proposed controls could be
implemented in other single-stage topologies, as dual boost inverter with coupled inductors,
because some issues and constraints of the control are originated from the differential con-
nection.

A review of the controls techniques used to regulate the DBI was presented, noticing that
the design of the linear control is a difficult task, because all the variables of the converter are
composed by DC and AC component, making the operation point to present large variations.
Also, few works with experimental validations of linear control schemes for grid-connection
of the inverter are found in literature. For these reasons, three non-linear strategies were
proposed for the DBI in this thesis and were compared with the linear control. From this in-
vestigation, the main conclusions of each control strategies obtained from theoretical analysis,
simulations and experimental tests are:

e Finite Control Set-Model Predictive Control: Although, the total harmonic distortion
and harmonics presented on the output current of the DBI with FCS-MPC comply
with the standard, several disadvantages of this control strategy limit its implementa-
tion. One drawback is that the switching frequency is variable due to the absence of a
modulator stage. Also, to achieve the average switching frequency selected in the de-
sign for the comparison, the sampling time required is very small. Therefore, a trade-off
between the switching frequency and THD is required. On the other hand, the selection
of the weighting factors is a non-trivial task, because the cost function is composed by
two control objectives with different dynamics and variation ranges.

110
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o Flatness-based control: The non-linear control based on the stored energy regulation of
capacitors and inductors was achieved because each DC-DC converter is a flat system.
The analytic expression of the system variables in function of the flat output and its
derivatives was obtained in order to control the inverter. The simulation results showed
that during transients and steady-state, the current and voltage regulation are attained.
On the other hand, an advantage founded, is that the total harmonic distortion of the
grid current with flatness-based control was 2.59 %. Thus, another advantage of this
control strategy is that the switching frequency is fixed. However, the main challenge
is its implementation since it is difficult to obtain an appropriate derivative action.

e Sliding mode control: The control strategy proposed is based on the current regulation of
the inverter. The sliding surface proposed for this strategy was the difference between
the inductor currents that regulates indirectly the output voltage of the dual boost
inverter. Although the switching frequency is also variable, the performance of the
output current obtained with sliding mode control is better than the behavior obtained
with FCS-MPC, as shown in Chapter 3. Nevertheless, finding a model based on the
sliding surface was a difficult process.

From the analysis obtained of each non-linear control method and the linear control, two
strategies present a better performance; these are flatness-based control and sliding mode
control. The main parameters used for selecting an appropriate control for the inverter are
the averaged switching frequency, the harmonic spectrum of the output current of the DBI
and the number of control loops. The THD obtained for both controls complies with the
standard and the percent values are very similar. For flatness-based control, the THD was
2.59 % in the nominal conditions, and this value was 2.48 % with sliding mode control. The
implementation was the feature that made the difference. Each control strategy has some
advantages and disadvantages for the regulation of the DBI. However, the feature that made
the difference was the control objectives, because fewer sensors are used in sliding mode
control due to the fact that the voltage of the capacitors is indirectly regulated. Therefore,
sliding mode control is the most promising alternative for the single-stage topologies.

As a consequence of the non-linear control analysis for the DBI, the sliding mode control
proposed has been implemented experimentally. The THD of the grid current obtained was
4.47 %, which complied with the IEEE Standard 1547. However, the implementation and
tuning of the parameters of this control strategy was complex because it was necessary to use
a hybrid platform. The hysteresis comparator was implemented through analog circuits, while
the PR controller with the phase compensator was executed in a digital platform. Therefore,
the next step in the design of this type of control is to integrate all parts in a digital platform.

5.1 Future work

Three non-linear control strategies were developed in this thesis for the dual boost inverter.
However, the main disadvantage of this inverter is its low efficiency. For this reason, the next
step of this research is to use and adapt the non-linear control proposals in another single-
stage inverter topology, such as topologies with bypass connection or coupled inductors, since
the main issues solved by the control proposals for the dual boost inverter are particular to
the single-stage topologies and not specifically of the DBI.

Another important approach derived from this work is to integrate the single-stage boost
inverter in the architecture composed by two-stage power converters. In this case, the effort
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of elevation could be distributed between two converters, which could improve the efficiency.
A brief analysis about this idea was published in a conference paper by the author, where the
elevation range distribution between the two set-up stages improved the global efficiency of
the topology. However, this analysis was made with the DBI. Therefore, it is necessary to do
a more detailed study based on this idea with other step-up inverter topologies.

Finally, from the experience obtained of the control implementation, another open work
is to develop and build a digital platform to validate the different control strategies for the
single-stage topologies.
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