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RESUMO

Esta dissertação de mestrado apresenta a proposta de um Conversor CC-CC Bidirecio-
nal Isolado baseado na integração dos conversores CC-CC ZVS-PWM Ponte Completa
e Push-Pull alimentado em corrente, grampeado com um conversor Buck. A energia
acumulada na indutância de dispersão do transformador ocasiona sobretensões nos
MOSFETs do estágio Push-Pull, essas tensões são reguladas pelo conversor Buck.
Assim, a energia que seria dissipada em grampeadores passivos usuais é parcialmente
regenerada pelo conversor de grampeamento. De maneira geral, o conversor proposto
serve como solução para a aplicação em uma microrrede CC, conectando um banco
de baterias de íons de lítio a um barramento CC principal de distribuição de energia.
Portanto, a revisão do estado da arte abrange microrrede CC, módulos fotovoltaicos,
baterias de íon de lítio, técnicas de controle de transferência de energia como controle
por droop e principalmente conversores CC-CC bidirecionais isolados. Ademais, a aná-
lise matemática, dimensionamento e resultados experimentais de um protótipo de 2000
W serviram para atestar todas as teorias apresentadas neste trabalho. Finalmente, o
conversor projetado apresentou uma eficiência máxima de 95,1% quando as baterias
estão sendo carregadas e 91,8% quando estão sendo descarregadas. Além disso,
estudos teóricos como ganho estático parametrizado, características de saída, técnica
de modulação, modelagem e controle de corrente das baterias são demonstrados
para enriquecer o conteúdo científico desse trabalho na área de eletrônica de potência
e servir como base para o estudo de conversores CC-CC bidirecionais isolados na
aplicação de microrredes CC.

Palavras-chave: Bidirecional. Buck. CC. Baterias. Íons de Lítio. Microrrede. Ponte
Completa. Push-Pull. ZVS. PWM.



RESUMO EXPANDIDO

Introdução

Primeiramente, a necessidade da busca por fontes de energia limpas e renováveis
é citada para levantar questões e desafios importantes sobre a implementação de
microrredes de corrente contínua, tais como sua importância no atual sistema elétrico,
os componentes implementados como fontes e cargas, o gerenciamento do fluxo de
potência, os controles necessários e principalmente a necessidade dos conversores
estáticos para fazer as conversões de tensão e corrente, conectando todo sistema. A
implementação de um conversor CC-CC bidirecional isolado é então proposto para
carregar e descarregar baterias de íons de Lítio no barramento CC da microrrede.
Desta maneira, esta dissertação de Mestrado apresenta a proposta de um Conversor
CC-CC Bidirecional Isolado baseado na integração dos conversores CC-CC ZVS-PWM
Ponte Completa e Push-Pull alimentado em corrente, grampeado com um conversor
Buck.

Objetivos

O objetivo geral deste trabalho é iniciar um projeto de pesquisa que visa construir um
microrrede de corrente contínua no Laboratório Fotovoltáica/UFSC. Assim, o estado
da arte sobre a aplicação e necessidades de microrredes de corrente contínua foi
estudado. Além disso, os principais objetivos específicos dessa pesquisa são o estudo,
simulação e análise de topologias de conversores CC-CC bidirecionais isolados de
alto ganho para a aplicação no carregamento de baterias de íons de lítio em uma
microrrede de corrente contínua. Diversas estruturas serão comparadas, e por fim,
será proposto a montagem de um protótipo para verificar a funcionalidade do mesmo.
Será também comparada a nova estrutura a outras estruturas já estudadas. Finalmente,
outro objetivo a ser cumprido é a divulgação e incentivo de mais linhas de pesquisas
na área microrredes CC, mostrando sua importância à sociedade.

Metodologia

Para realização da dissertação de Mestrado a seguinte metodologia foi adotada. Pri-
meiramente, é realizada uma introdução e contextualização sobre microrrede CC assim
como a apresentação dos objetivos e metodologias utilizadas. Então, é apresentado
uma revisão da literatura sobre possíveis arquiteturas e componentes da microrrede,
como os módulos fotovoltaicos e seu conversor CC-CC unidirecional para operar na
máxima potência, baterias de íon de lítio e seu conversor CC-CC bidirecional isolado,
o inversor bidirecional e a rede. Além disso, outros aspectos como o fluxo de potência
e os controles necessários para funcionamento estável da microrrede são estudados.
Em seguida, são estudados os conversores CC-CC Ponte Completa ZVS-PWM e
Push-Pull alimentado em corrente para formar o conversor CC-CC bidirecional isolado
proposto, bem como a modulação de autoria própia. Finalmente, a obtenção da função
transferência necessária para o controle de corrente das baterias do conversor pro-
posto, assim como o projeto e dimensionamento do mesmo são demonstrados. Com
isso, um protótipo de 2000 W foi construído físicamente, com tensão do barramento



CC em 400 V e tensão das baterias em 48 V. Sendo que todo os cálculos realizados
para a construção do protótipo se encontram nos Apêndices.

Resultados e Discussão

De maneira geral, a aplicação de uma microrrede CC pode gerenciar e distribuir energia
entre várias fontes e cargas, com segurança e estabilidade. As tecnologias existentes
no mercado foram exploradas para entender as necessidades de controle e comparti-
lhamento de energia. Portanto, foi verificado nesta pesquisa, a necessidade de projetar
um conversor CC-CC bidirecional isolado para conectar o banco de baterias de íons
de lítio ao barramento CC. Finalmente, o conversor bidirecional proposto com base
na integração Conversores Ponte Completa ZVS-PWM e Push-Pull alimentado em
corrente, grampeado com o conversor Buck, apresentou uma eficiência máxima de
95,1% para o fluxo de potência positivo e 91,8% para o fluxo de energia negativo,
sendo que a operação no fluxo positivo está acima de 90% de eficiência para qualquer
faixa de potência. Assim, este conversor pode ser aplicado em microrredes CC para
carregar e descarregar banco de baterias de íons de lítio com o barramento CC, já que
os resultados experimentais confirmaram a operação e características do conversor.

Considerações Finais

O conversor proposto se mostrou estável e eficiente nos testes em potência nominal.
Ao comparar os resultados obtidos com os resultados encontrados na literatura, o
conversor CC-CC bidirecional isolado proposto se apresenta como uma excelente so-
lução para conversores de alta eficiência e ganho estático, aplicados em alta potência.
Porém, trabalhos futuros visam melhorar as vantagens desse conversor. Por exemplo,
o projeto de outro conversor para ser usado como regulador de tensão para compa-
rar sua eficiência com o Conversor Buck implementado um controle de tensão eficaz.
Estudar e aplicar comutação suave para o fluxo de potência negativo para otimizar a
eficiência do conversor. Assim como verificar a influência da indutância magnetizante
do transformador na operação do conversor e a influência dos atrasos nos sinais de
comando entre os dois estágios do conversor.

Palavras-chave: Bidirecional. Buck. CC. Baterias. Íons de Lítio. Microrrede. Ponte
Completa. Push-Pull. ZVS. PWM.



ABSTRACT

This master thesis presents the proposal of an Isolated Bidirectional DC-DC Converter
based on the integration of a DC-DC Full-Bridge ZVS-PWM and Current-Fed Push-Pull
converters, clamped with a Buck Converter to regenerate energy stored in the trans-
former leakage inductance that is normally dissipated in passive snubber circuits. The
converter was design to be applied in a DC microgrid connecting a Lithium-ion battery
bank with the DC bus. Therefore, this thesis presents a review in the state of the art
about DC microgrid, photovoltaic modules, Lithium-ion batteries, power transfer control
techniques such as droop control and isolated bidirectional DC-DC converters. More-
over, the mathematical analysis, sizing and experimental results of a 2000 W prototype
are developed to attest all theories presented in this paper. The designed converter
presented a maximum efficiency of 95.1% when the batteries are being charged and
91.8% when they are being discharged. In addition, theoretical analysis about the pro-
posed converter like the parameterized static gain, output characteristics, modulation
technique, converter modeling and the battery current control are demonstrated to en-
rich the scientific content of this work in the power electronics field, so the designed
converter can be reference in the study of isolated bidirectional DC-DC converters in
DC microgrid applications.

Keywords: Bidirectional. Buck. DC. Full-Bridge. Batteries. Lithium-ion. Microgrid. Push-
Pull. ZVS. PWM.
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1 INTRODUCTION

Due to climate change, government of all countries and media have increased
the pressure on companies to develop and provide sustainable technologies, including
the usage of renewable and clean energy. Sources of renewable energy have low
environment impact when compared to traditional energy. Wind, solar, biomass, hydro
and geothermal are sources of energy available non-exhaustively in nature.

There are many ways to use those fonts of energy. Photovoltaic cells take advan-
tage of sun rays by converting solar in electrical energy (UPASANI; PATIL, 2018). Since
this kind of energy is intermittent, a Battery Energy Storage System (BESS) must be
coupled to allow the usage of energy at anytime.

In recent years, the prices of photovoltaic panels and storage systems have
been steadily falling and their efficiencies increasing, becoming more competitive in the
energy market (UPASANI; PATIL, 2018). Thus, the presence of photovoltaic modules
connected to the electricity distribution network has increased over the years in Brazil
as shown in the national energy balance of 2018 (BRASIL, 2018), although this amount
is still small, as shown in the Figure 1.

Therefore, distributed generation with solar energy would diversify the Brazilian
energy sources, which is ideal for the national connected system reliability. Moreover,
the implementation of this technology would decrease the environmental impact of
energy consumption compared to conventional energy sources. Also, the finance in this
area would open new industrial and research field in Brazil that create new jobs and
boost the economy with sustainable development.

1.1 MICROGRID

Microgrid is a small-scale power grid that can operate individually or in part-
nership with the main power grid. A microgrid is normally integrated with photovoltaic
systems that require static converters to operate at their maximum power point and
to keep the voltage or current levels steady at the output. Furthermore, in a microgrid
an energy storage system is very important to balance the power flow and manage
the energy distribution (UPASANI; PATIL, 2018). Therefore, the BESS is a valuable
solution.

A Battery energy storage system (BESS) consists of a battery bank, usually
Lithium-ion technology (due to its efficiency) and a converter or inverter. Then, the
BESS can be connected to a Direct Current (DC) or Alternate Current (AC) bus, it
actually depends on the desired microgrid connection.

Since the majority of the house loads are electronic devices, a low DC voltage-
fed house (48 V) could increase the global electrical efficiency of the house and be
safer to the user. Therefore, a DC bus is more attractive for this kind of application.
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Figure 1 – Solar energy in Brazil

Source: Adapted from (BRASIL, 2018)

The BESS must maintain the balance of power between the source and the
load, absorbing or providing energy when necessary, since the source is intermittent.
To perform this power flow control, the BESS controls the bidirectional converter of the
batteries, observing their state of charge and equalizing their power. The sizing of the
BESS is extremely important either, it guarantee a high reliability of the structure, since
the greater is the battery pack, the greater is power that it can accumulate.

Furthermore, these systems can also be connected to the grid, in order to guar-
antee a greater reliability in the supply of energy to the local load, to prevent the system
to collapse if there is no energy available, and to export surplus energy.

In conclusion, the DC microgrid presents itself as a challenge for the operation of
intermittent power sources feeding a local load, connected to the grid, with a BESS. In
other words, the control system applied into the power electronic field is very complex
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and its implementation analyzing the efficiency of the microgrid is extremely hard. The
microgrid must apply reliable converters to perform the control and power management,
so this application requires specific converters design according to the microgrid’s
functionalities. In fact, the microgrid study is performed only to identify the converter
necessities and functionalities, as the main research focus is to study and develop an
Isolated Bidirectional DC-DC Converter for this application.

1.2 MARKET TECHNOLOGIES

Most of the products on the market that make the connection between all the
mentioned sources and loads, manage and control the power flow do not have their
studies published for academic society, which makes this implementation a challenge.

Some manufacturer catalogs show the wiring diagrams, efficiency, and general
electrical characteristics of their products, but they do not mention which are the con-
verters, algorithms, controls and methods used to make the system operate stabilized
and balanced.

In fact, most manufacturers do not specify if the battery bank is plugged into a DC
or AC bus, as in (KYOCERA, 2015) and (ELECTRIC, 2018). Although the battery bank
connected to the AC bus presents as a good architecture as cited in (SMA, 2016), this
work will follow a model similar to (BOSCH, 2014), which the batteries are connected
to the DC bus through a DC-DC bidirectional converter.

The controls necessary to ensure system’s stability, balance and power manage-
ment will be studied further in this dissertation thesis as they have a relevant importance
and are not provided by the manufacturers.

1.3 MICROGRID OPERATION

A general microgrid is composed of the following parts:

1. PV modules;

2. PV modules’ DC-DC converter, batteries’ bidirectional DC-DC converter and DC
bus capacitors;

3. Lithium-ion batteries or other energy storage system;

4. Bidirectional voltage inverter, filters, microcontrollers and auxiliary circuits to im-
plement, measure, control and manage the power flow.

This parts are represented in the Figures 2 (a), (b), (c) e (d), so it is possible to
analyze the system’s behavior during day and night periods.
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First, in the morning the photovoltaic modules generate energy used to feed the
local load. The excess power is used to charge the Lithium-ion batteries as shown in
Figure 2 (a).

Figure 2 – (a) - Microgrid operation at morning, (b) - Microgrid operation at afternoon,
(c) - Microgrid operation at night, (d) - Microgrid operation at dawn

Source: (BOSCH, 2014)

In the afternoon, if the batteries are fully charged, any excess power is transferred
to the grid and measured as shown in Figure 2 (b).

When the sun goes down, the battery system will function as a power source
supplying the local load, as shown in Figure 2 (c).

Finally, late at night if the capacity of the batteries is insufficient to supply power
to the load, the electrical grid provides the power to balance the system, as shown in
Figure 2 (d).

1.4 PROPOSED MICROGRID

Thus, the previously microgrid that was analyzed must be able to connect the
sources and loads, making all the necessary controls to keep the system stable and



Chapter 1. Introduction 29

balanced, respecting safety standards, something similar to what is presented in the
market so far.

Many works such as (UPASANI; PATIL, 2018), (KARSTENSEN; MANEZ;
ZHANG, 2018), (ALMAZROUEI; HAMID; SHAMSUZZAMAN, 2018) and (KHAWAJA
et al., 2017) show the connection scheme between sources and loads through static
converters. Based on these references, the power circuit connection diagram shown in
the Figure 3 illustrates the proposed microgrid and the DC-DC converter that should
be developed in this thesis. Note that the system will not present others power sources
such as wind turbines and DC load in order to simplify the analysis of the microgrid.

Figure 3 – Power circuit connection diagram of the proposed grid-tied DC Microgrid

Source: Own elaboration

Which:

1. Photovoltaic modules;

2. DC filter to connect the DC-DC converter;

3. Unidirectional DC-DC converter responsible for the maximum point tracking and
to regulate the voltage level in the DC-Bus;

4. Capacitors responsible to maintain stability and voltage of the DC-Bus in 400 V, it
also slows the system dynamic;

5. Bidirectional Isolated DC-DC Converter responsible for energy management using
droop control, observing the state of charge of the batteries;

6. Lithium-ion battery bank (48 V);

7. Bidirectional voltage inverter responsible for connecting the DC-Bus with a AC
load (if necessary) and the network, maintaining the stability of the system and
the power management of the microgrid;
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8. AC filter to connect the grid and load;

9. Electricity distribution network (220 V);

10. AC load.

The microgrid have voltage and power limits as presented in the market and must
comply with safety and quality standards. Also, the system is presented as a complex
power network, so it will not focus in the study of the whole microgrid’s operation, but
implement an efficient solution for items 4, 5 and 6 from Figure 3.

1.4.1 Microgrid control

A control system is required for a stable operation of the proposed network. As it
has a lot of controllable variables, the control will be divided into three levels of hierarchy,
which the first one has the lowest priority and the third has highest, as follows:

1. Control of the DC-DC converters to perform Maximum power point tracker (MPPT),
control of the AC-DC Inverter implementing some modulation technique, single-
phase or three-phase Phase locked loop (PLL) to make a synchronous connection
to the grid and applying an anti-islanding method;

2. DC bus voltage control, State of Charge (SoC) control and battery equipotential-
ization;

3. Power management control using concepts such as droop control to maintain
system static and dynamic stability.

The first control level is well-known in the literature, but the other two are pre-
sented as a challenge in the state of the art for this type of application. Nevertheless,
these control techniques are widespread when applied separately. For instance, the
droop control is a widespread technique used in the market to connect sources and
loads to the network, as shown by (MOUSSAOUI et al., 1996), (YU et al., 2016), (ALAM
et al., 2016) e (LUO et al., 2013). Although it is a simple and old method of power
sharing, it is hard to find a study that applies this technique in microgrids’ applications.

In a power electronics system, the droop control can be performed using the
output current to adjust reference voltages for the equivalent circuit of each converter
or inverter.

1.5 OBJECTIVES

1.5.1 General objectives

• Develop a part of the microgrid that integrates, control and manage the connection
between Photovoltaic (PV) modules, batteries, grid and a local load;



Chapter 1. Introduction 31

• Contribute to the Brazilian academic society with knowledge and new technology
development in the country;

• Propose an efficient Isolated Bidirectional DC-DC Converter that presents a single
modulation technique for both power flows.

1.5.2 Specific objectives

• Search the products in the market;

• Search for the best cost-benefit converter and inverter architectures and topolo-
gies;

• Search the control techniques for power management and system stability;

• Study and propose an Isolated Bidirectional DC-DC Converter to connect the DC
bus and the batteries;

• Model and simulate the proposed system;

• Design, build and debug a small scale prototype;

• Analyze the experimental results;

• Document and publish the acquired knowledge.

1.6 METHODOLOGY

The master thesis is divided into nine chapters, the first is an introduction and
contextualization about microgrid, the thesis’ proposal and the objectives. Thus, the
second chapter supports the thesis goal with a literature review of possible microgrid
architectures and each component of the network such as the photovoltaic modules and
their DC-DC converter to operate in the maximum power point, Lithium-ion batteries,
bidirectional DC-DC converter and the inverter used to connect the system to the grid.
Subsequently in the same chapter, a study of the microgrid power flow and some control
techniques used for the stable operation of the network is done.

Then, the next chapters proposes a isolated bidirectional DC-DC converter to
be applied in the item 5 of Figure 3 based on the integration of the DC-DC Full-Bridge
ZVS-PWM and Current-Fed Push-Pull Converters with a voltage regulation done by a
buck converter, so this topology is responsible to transfer power between the Lithium-
ion battery bank to the DC bus. Thus, the main goal will be study the topology through
the topological states, modulation technique, waveforms, output characteristics, static
gain, commutation, voltage and current stresses in the components, model, control and
simulation.
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As the proposed converter have a complex operation, it will be divided into
some chapters to better analyze its functioning. So, chapter three presents the study
of the DC-DC Full-Bridge ZVS-PWM stage, which is a well-know topology and then
chapter four shows the study of the Current-Fed Push-Pull stage to further analyze the
connection between these two topologies to have a bidirectional one. So, the Isolated
Bidirectional DC-DC Converter is studied in chapter five.

Moreover, since the converter will be applied into a microgrid it is necessary to
get the converter’s transfer functions to further control it, so chapter six presents the
small-signal modeling of the current of the proposed topology.

Chapter seven presents the design of a 2 kW prototype to prove the theoretical
studies and to analyze the efficiency and operation of the proposed converter to be
applied in a DC microgrid and chapter eight analyze the experimental results acquired
in practical experience.

Finally, chapter 9 presents the main conclusions about the research and futures
studies that could be done to improve the converter’s efficiency and implement it on a
DC microgrid.



33

2 STATE OF THE ART

This chapter presents a literature review about microgrids, since this theme has
attracted new researches by companies, technological centers and universities, which
generated a lot of publishes in scientific conferences, patents and thesis.

The bibliographic research will be divided into four sections, which the first
demonstrates the architectures of the system with the all the necessary converters
and inverters to connect the elements of the network such as panels and batteries.
The second section study each microgrid component individually. The third defines the
power flow management of each architecture studied in section one. Finally, the fourth
section refers to the control strategies used to keep the system stable.

The major sources of this research include the Institute of Electrical and Elec-
tronic Engineers (IEEE) online platform, the United States Patent and Trademark Office
(USPTO) online platform, master thesis, doctoral thesis and product manufacturer cata-
logs similar to the proposed theme. So, this research aims to analyze the relationship
between the theoretical publications and the current market’s products.

2.1 DC MICROGRID ARCHITECTURE

In the proposed microgrid, the photovoltaic modules can be represented by a
DC source, the power grid by an AC source, the loads can be fed by AC or DC bus and
the battery bank can be represented as a DC source or load.

Analyzing this context in the Power Electronics area, it is possible to realize the
necessity of static converters and inverters to build the DC microgrid because it is
necessary to connect sources and loads at different voltage levels.

There are many examples in the literature about architectures relating convert-
ers and inverters for the connection of all mentioned sources and loads. Thus, some
possible connections will be presented.

Basically, the possible architectures are divided in relation to the battery bank
connection on the DC or AC bus, as proposed by (CHUNG; KANG; PARK, 2018). This
work refers to these two microgrid connections as the DC and AC system.

Patents and published researches of architectures for the connection of this type
of system correspond to the reality of what is implemented by manufacturers worldwide.
Although most manufacturers provide information like voltage, current and power levels
of the connections, they do not provide a technical study of the converter’s topologies.

Some manufacturer catalogs such as (KYOCERA, 2015), (ELECTRIC, 2018),
(SMA, 2016), (BOSCH, 2014), (PANASONIC, 2017), (E-GEAR, 2015), (TRINABESS,
2018) and (INGETEAM, 2016) provide specifications of the equipment and sometimes
the simplified diagram of the equipment’s connection. For example, some recognized
companies that offer solutions for PV modules and BESS such as TrinaBESS, Tabuchi
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Electric, Kyocera and Ingeteam contribute with a comprehensive catalog of equipment
in this regard, such as the power flow direction between panels, batteries, loads and
the network.

However, these manufacturers do not describe the control techniques employed,
nor the converter’s topologies. In addition, the wiring diagram of their products, illus-
trated in the Figures 4 and 5 do not provide any technical information about the power
electronics technologies used to connect their microgrid, it only shows the power flow
direction.

Figure 4 – Diagram of the TrinaBESS company’s commercial product

Source: Adapted from (TRINABESS, 2018)

Figure 5 – Diagram of the Ingeteam company’s commercial product

Source: Adapted from (INGETEAM, 2016)

In addiion, some patents are more specific about the power electronics involved
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in the block diagrams. The DC microgrid converters necessary to connect sources and
loads are shown in Figure 6. The first DC-DC converter has to do the MPPT of the
photovoltaic modules and to increase the output voltage at the same level of the DC
bus voltage defined in the project.

Control the bus voltage to maintain its level within the limits required by the
standard is a very important task, since the DC bus is connected to the inverter input,
which directly affect the quality of the output voltage and current that is connected
to the grid and load. In addition, DC loads could be connected to this bus through
unidirectional DC-DC converters.

Figure 6 – DC microgrid architecture scheme

Source: (CHUNG; KANG; PARK, 2018)

The charging control unit will be responsible for determining if the load is re-
quiring power, otherwise the excess power generated by the panels should charge
the batteries depending on their SoC, or export this power to the grid. In addition, the
system control unit must decide when it is necessary to discharge the batteries to keep
the power system balanced and stable with or without the power generated by the PV
modules. Thus, the required control actions are entered into this control unit that gates
a bidirectional DC-DC converter and the DC-AC inverters.

The DC-AC inverter is responsible for converting the DC bus voltage into AC
voltage to make the connection with the local AC load and electrical grid. Furthermore,
to increase the microgrid life time this inverter may be designed to endure a 10% to
30% greater power than the rated power.

An AC filter is required at the inverter output to reduce the high frequency com-
ponents generated by inverter modulation. Thus, a more sophisticated modulation
techniques or even multilevel inverters are interesting strategies to reduce Total Har-
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monic Distortion (THD) which decreases the filter’s size, what makes the system lighter
and more compact. In contrast, a multilevel inverter would require more Insulated-gate
bipolar transistor (IGBT), which significantly increases the project’s cost. Finally, an
AC-AC converter or transformer suits the voltage and current levels to connect the load
and the grid, which can be omitted if the levels are already equal.

In addition, to manage the system power flow, the control unit must follow a
pre-established algorithm, as shown in the Figure 7.

Figure 7 – Block diagram of the DC microgrid control

Source: (CHUNG; KANG; PARK, 2018)

An example of a DC bus architecture on the market is the Panasonic system.
It offers an alternative to solve the problem of intermittent photovoltaic panels, storing
energy at times when the panels are generating more power than the load consumes
and providing power when the modules stop generating. Therefore, the system reduces
the use of the grid to feed the load, which reduces the consumer’s electricity bill.

In addition, the manufacturer provides the internal connection of the static con-
verters, as shown in Figure 8. Photovoltaic panels and batteries are connected to a DC
bus via unidirectional and bidirectional DC-DC converters, respectively. The DC bus is
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connected to the input of a voltage inverter to connect the microgrid with the electrical
grid and a local AC load.

Figure 8 – Block diagram of Panasonic’s product

Source: (PANASONIC, 2017)

The similarity between a patented architecture and the architecture of a product
on the market can be observed in Figures 6 and 8. In addition, no control information
and specific topology of each converter are provided.

2.2 MICROGRID COMPONENTS

The microgrids have several components necessary for their operation. The
sources and loads are usually projected for a designed necessity. For example, in
this dissertation the sources will be represented by photovoltaic modules, a stationary
Lithium-ion battery bank and the electric distribution grid, while the loads will also be
represented by the same battery bank, the grid and laboratory loads.

Although some components are well-know in the literature, their study is neces-
sary for a comprehensive understanding of the whole microgrid operation.

In addition, other components such as converters and inverters used for this
type of application may not be so trivial to find as it is a boundary knowledge, but it is
necessary to build a microgrid.

2.2.1 Photovoltaic modules

Photovoltaic module is a set of cells connected in series, parallel or both, as
shown in (AMARAL et al., 2016). By connecting the cells in parallel, the currents are
summed and the voltage is the same as the initial cell voltage, as shown in the Figure
9.
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Figure 9 – Photovoltaic modules in parallel

Source: (BRITO, 2006)

When the cells are connected in series, the voltages are summed and the initial
current remains the same, as shown in the Figure 10. Thus, for some applications it
is interesting to use the series-parallel combination to increase both the voltage and
current of the PV array, especially for applications that requires high power (AMARAL
et al., 2016).

Figure 10 – Photovoltaic modules in series

Source: (BRITO, 2006)

When a cell in a module is shaded, the output power drops sharply, compromis-
ing the entire module operation. Thus, to reduce the current module limitation, a bypass
diode is used in parallel with the photovoltaic module to be used as an alternative cur-
rent path. Normally this diode is placed in a range of cell because it is cheaper, though
the ideal scenario for efficiency is one diode for each cell, as shown in (AMARAL et al.,
2016).

Another constraint is a negative current through the cells due to the connection
with batteries. This current can cause a cell efficiency drop and even disconnect it from
the array causing a total module power loss. To avoid these problems, a blocking diode
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is used in series with the module that prevents the flow of reverse currents.
Among all characteristics that can be extracted from a photovoltaic module, the

Current-Voltage (I-V) and Power-Voltage (P-V) curves shown in Figure 11 are the most
important ones.

Figure 11 – I-V and P-V curves of a photovoltaic module

Source: Adapted from (SINGH; GOSWAMI, 2018)

Through the I-V and P-V curves of the photovoltaic panels, the electrical parame-
ters that characterize the modules can be determined as shown by (PINHO; GALDINO,
2014) and (SINGH; GOSWAMI, 2018).

Which:

• Open Circuit Voltage (Voc): Voltage between the terminals of the PV module
when the output terminals are opened so there is no current. It can be measured
with a voltmeter at the opened module terminals.

• Short circuit current (Isc): Maximum current that can be obtained by the panels,
measured when the voltage at their terminals is zero or short circuited. It can be
measured with an ammeter by short circuiting the module’s terminals.

• Maximum Power Point (MPP): The maximum power point that panels can pro-
vide corresponds to the point of the curve which the product of current and voltage
is maximum.

In addition, environmental factors change the appearance of the module’s curves.
The result of a change in irradiation intensity is a variation in output current and the
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main effect caused by the increase in the module’s temperature is a reduction of its
output voltage.

So, to model the I-V curve the equivalent static circuit presented in Figure 12
and the Shockley diode equation are necessary.

Figure 12 – Equivalent static circuit of a PV module

Source: (CUBAS; PINDADO; DE MANUEL, 2014)

Ipv is the current generated by the solar irradiation, IpD is the diode current, Rs is
the series resistor, Rsh is the shunt resistor, Io is the reverse saturation current, Vt is the
diode thermal voltage, q is the elementary charge of the electron (q = 1, 602× 10−19C),
I0 is the inverse saturation current, k is the Boltzmann constant (k = 1, 381× 10−23 J

K
),

T is the temperature in the p-n junction of a diode, α is a ideality factor of the diode and
NS is the number of modules, as shown in (CUBAS; PINDADO; DE MANUEL, 2014).

With these circuit and the Shockley diode equation, it is possible to get the
equation 1.

I = Ipv − Io
[
e
V+RsI
αNSVt − 1

]
− V +RsI

Rsh

(1)

Which:

Vt =
kT

q
(2)

Finally, with the experimental results, the photovoltaic module manufacturer’s
specifications, the previous equations and a circuit analysis in Figure 12 for different
cases, it is possible to simulate I-V and P-V curves and acquire some data that is
not provided by the manufacturers such as the value of the resistances of the circuit
presented in Figure 12, as determined in (UPASANI; PATIL, 2018).

The approach of modeling the photovoltaic panels is enough to design them as
the source that fed the loads in the proposed microgrid.
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2.2.2 Battery energy storage system

The battery energy storage system or BESS is composed of a Lithium-Ion battery
bank capable of supplying the load for a specific time and a bidirectional converter. In
addition, a control unit is necessary to satisfy the batteries’ state of charge, equalize
their energy and manage the power demand.

Lithium-Ion batteries have a high energy density, high output currents and a high
efficiency compared to other technologies. A battery is a device that stores energy in
a nonlinear waveform through a complex electrochemical process that is different for
charging and discharging.

In addition, the batteries can be represented by the dual polarization equivalent
circuit presented in (LIMA, 2019), as shown in Figure 13.

Figure 13 – Equivalent circuit of the Lithium-Ion battery

Source: (LIMA, 2019)

Which:

• Voc is the internal open circuit voltage (V);

• Vbat is the terminal voltage (V);

• RS is the series resistance responsible for instantaneous voltage drop of the step
response (Ω);

• RTSCTS is responsible for modeling short-time constant (s);

• RTLCTL is responsible for modeling long-time constant (s).

However, the Lithium-Ion batteries also have disadvantages, especially regarding
their shortened life due to improper charge and discharge. Thus, it is necessary to use
a Battery Management System (BMS) to check and protect battery cells by measuring
temperature, voltages and current.
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The BMS should perform the analysis to estimate SoC, as it is necessary that
the cells are in equilibrium in terms of SoC, so that the difference between each one is
smaller, equalizing their powers (KWANG-SEOB KIM; HYUN, 2012). In general, BMS
is the part of BESS responsible for its control and protection.

Thus, the process of charging the battery bank and SoC estimation are critical
tasks that can be implemented through different methods, as shown by (KWANG-SEOB
KIM; HYUN, 2012), (HAN, 2016), (TOPAN et al., 2016) and (THOMAS; STIENEKER;
DE DONCKER, 2013). All methods use a constant current and voltage mode to estimate
the battery SoC, as shown in Figure 14.

Figure 14 – Lithium-Ion battery characteristics

Source: (KWANG-SEOB KIM; HYUN, 2012)

This method is also presented in (THOMAS; STIENEKER; DE DONCKER, 2013)
and it shows that in the first interval, the batteries are charged with a constant current
until the maximum voltage is reached. In the second interval, the voltage is kept con-
stant, however, as the state of charge increases the battery current decreases until it
reaches a certain value. So, the battery is considered fully charged and the process is
done.

Using this technique it is possible to charge batteries faster and extend their
lifetime because these methods reduces the time batteries are subjected to high current
and voltage levels at its terminals (KAWAKAMI et al., 2014).
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2.2.3 Unidirectional DC-DC converter

Photovoltaic applications must use an unidirectional DC-DC converter at the
output of the PV array. The converter has the functions of implement a MPPT algorithm
so that the converter operates at its maximum power point and control the output voltage
of the converter to match the voltage levels of the DC bus.

There are several converters in the literature that can be applied in Photovoltaic
modules. Commercial converters such as buck, boost, buck-boost, flyback and their
derivations are common examples in the market, depending on the PV array and DC
bus voltage levels.

The MPPT techniques are consolidated in the literature through dissertations,
theses and articles. A widely referenced method in the literature is the incremental
conductance method, so it should be implemented within the closed-loop control of
the unidirectional DC-DC converter. This method is based on the calculation of the
derivative of power to voltage of the photovoltaic system. Thus, the algorithm uses the
values to adjust the step size of MPPT.

If the derivative value is greater than zero, then the greatest power point is in the
right side of the curve. If the derivative value is smaller than zero, then the maximum
power point is in the left side of the curve. So, the maximum point is found when
the derivative value is zero. A disadvantage is the requirement of current and voltage
sensors.

There are many other effective methods that do not require these sensors and
others efficient converters too. However, the focus of this dissertation does not involve
the implementation of these converters or advanced algorithms since there are many
studies in the literature that could applied in the microgrid development.

2.2.4 Bidirectional DC-AC inverter

The main objective of the inverter is to transform the DC bus into AC to connect
the system to the grid and the local load. However, this application requires some
control technique to manage the power flow of the microgrid and keep the network
stable.

The inverter could use droop control, a method that requires to check the power
levels of the batteries and the local load needs, being responsible for exporting or
importing power from the distribution network to balance the power flow. Thus, the
inverter is a key part of system reliability and balance.

Some robust inverter that can be found in researches and the market are the
single-phase and three-phase Voltage Source Inverter (Voltage Source Inverter (VSI)),
each one depending on the power of the system (RODRÍGUEZ et al., 2004). This
inverter is used when the DC source is a voltage source, as presented in the microgrid
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since the source will be the DC bus itself composed of a capacitor bank that must keep
a constant voltage.

Thus, this inverter transforms the input continuous voltage into a 60 Hertz sinu-
soidal voltage by triggering the IGBTs with a modulation technique that has many levels
to decrease the filter size and volume.

Therefore, the inverter’s output requires the implementation of a passive filter to
improve THD on both grid and load. The higher the number of output voltage levels, the
smaller the filter will be to keep THD in compliance with the standards, so the use of
multilevel inverters has been a good alternative for microgrid applications.

2.2.5 Isolated Bidirectional DC-DC converter

To charge and discharge the batteries within the microgrid DC bus many publi-
cations show the necessity of a bidirectional DC-DC converter, since it has less compo-
nents than apply two individual unidirectional DC-DC converters for each power flow.

In addition, the galvanic isolation between the DC bus and the batteries increase
user’s protection and the converter static gain.

Since the focus of this Master thesis is the application of a bidirectional DC-DC
converter to connect the Lithium-ion battery bank with the DC bus, some isolated topolo-
gies will be presented to understand their advantages and disadvantages compared
with the proposed topology.

There are many examples in the state of the art about isolated bidirectional
DC-DC converters that can be applied in DC microgrid applications.

2.2.5.1 Modified DAB bidirectional DC-DC converter

Among the isolated bidirectional soft switching converters, the Dual Active Bridge
(DAB) converter is one of most common choises to use in high power applications,
presented in Figure 15. However, the converter presets a narrow soft switching range,
which decreases its efficiency. Furthermore, the DAB converter suffer a problem of high
current ripple in the low voltage side, which represents the batteries.

Therefore, the converter proposed in (DANESHPAJOOH; BAKHSHAI; JAIN,
2012) was designed to address some problems metioned for conventional DAB con-
verters along with a modulation technique. The modified dual active bridge converter is
shown in Figure 16.

Different from traditional current fed converters, the modified DAB converter have
inductors connected into the center pole of the bridge legs instead of the DC bus. In
this topology, the inductors are responsible to smooth the DC bus current ripple and
help soft switching.

Moreover, the basic energy transfer principles is similar to the conventional DAB
converter. So, the energy transfer is based on the phase shift modulation technique.



Chapter 2. State of the art 45

Figure 15 – Conventional Dual Active Bridge Converter

Source: (DANESHPAJOOH; BAKHSHAI; JAIN, 2012)

Figure 16 – Modified Dual Active Bridge Converter

Source: (DANESHPAJOOH; BAKHSHAI; JAIN, 2012)

2.2.5.2 Isolated bidirectional Boost Full-Bridge DC-DC converter

The converter proposed in (ZHU, 2006) is a high power isolated bidirectional DC-
DC converter to control the direct current flow between a voltage bus and an energy
storage device to provide stable power to a DC load. Therefore, it is mentioned the
importance of a Galvanic isolation for flexibility of system reconfiguration and meeting
safety standards.

The proposed converter is presented in Figure 17. The converter is composed
by two stage. The first stage is an current-fed inverter driven as a boost converter,
which presents some high voltage spike across the current-fed switches because of the
leakage inductance of the transformer. The second stage is a Full-Bridge ZVS-PWM.

The proposed converter was presented in 2004. Although it was not tested in
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Figure 17 – Isolated Boost Full-Bridge ZVS-PWM DC-DC bidirectional converter

Adapted from: (ZHU, 2006)

both power flow direction, some concepts cited by the author are still applicable, such
as the importance of separating the commutation mode from the energy transferring
mode to avoid load power flowing into the snubber circuit.

Furthermore, it can be notice in this article a disadvantage of the topology when
the power is increased. In high power operation the boost inductor current exceeds
the preset leakage inductance current. The mismatch current shows up when the
commutation occurs, which modifies the converter waveforms and cause some current
and voltage spikes across the converter’s components.

2.2.5.3 Isolated bidirectional Half-Bridge DC-DC converter

The converter proposed by (PENG et al., 2004) is based on a dual half-bridge
topology. The topology shown in Figure 18 has a minimum number of components. So,
it is a good alternative to high power and low cost applications.

The circuit consists of an inductor (Ldc) on the battery side and two half-bridges
each placed on each side of the main transformer. Also, the switches present parallel
capacitor for soft switching.

The converter presents two power flow directions. The boost mode is when the
power flow from the low voltage side to the high voltage side. The other power flow
direction the converter works in buck mode to recharge the battery. The switches of the
high voltage side are implemented with IGBTs and the low voltage side are implemented
with MOSFETs.

The article provides the simplified modulation technique implemented, the con-
verter topological states, some characteristics and the experimental results for the 1.6
kW prototype. In addition, the efficiency for load power range chart shown in the article
indicates the maximum converter efficiency of 92.5%.
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Figure 18 – Isolated Soft-Switched Bidirectional Half-Bridge DC-DC converter

Source: (PENG et al., 2004)

2.2.5.4 Isolated bidirectional DC-DC converter based on the integration of the Half-
Bridge and current-fed Push-Pull converts

The converter proposed in (JAIN; DANIELE; JAIN, 2000) presents some advan-
tages such as reduced part count due to power flow in either direction through the same
component, low stresses across the switches, galvanic isolation and low ripple current.

Furthermore, Figure 19 shows the converter proposed. The power circuit topol-
ogy presents a half-bridge converter connected to the DC bus and a current-fed push-
pull converter connected to the battery. The converter uses the body diodes of the
bidirectional switches for rectification, instead of the usual fast recovery diodes.

Figure 19 – Half-Bridge/Push-Pull Isolated bidirectional DC-DC Converter

Source: (JAIN; DANIELE; JAIN, 2000)

Moreover, the converter have two modes of operation. In the charging mode, the
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DC bus charges the battery. So, the switches S1 and S2 on the half-bridge are gated
on and the body diodes of S2 and S4 provide load rectification. In the current-fed mode,
the battery discharges over the DC bus. Therefore, the switches S3 and S4 are gated
on and the body diodes of S1 and S3 provide rectification.

In addition, the article provides the efficiency curves from experimental setup
with a 190 W prototype that presented the maximum efficiency of 90.5% in the current-
fed mode and 86.6% in the charging mode.

2.2.5.5 Isolated bidirectional DC-DC converter based on the integration of the Full-
Bridge and current-fed Push-Pull converts

There are some publications about the integration of the Full-Bridge Converter
with the Current-Fed Push-Pull Converter, such as (DADIALLA; HARDAS, 2017), (IN-
CORPORATED, 2015) and (CHEN et al., 2014). The converter is shown in Figure
20.

Figure 20 – Full-Bridge/Push-Pull Isolated bidirectional DC-DC Converter

Source: (CHEN et al., 2014)

The modulation technique presented in (DADIALLA; HARDAS, 2017) and (IN-
CORPORATED, 2015) is applied to have synchronous rectification in the Push-Pull
Stage. In addition, the anti-parallel diodes with the MOSFET in the Full-Bridge Stage
is used to provide rectification, when the power flow discharges the battery. In addition,
the clamping circuits are dissipative snubber circuits.

Furthermore, the converter proposed in (INCORPORATED, 2015) presents a
300 W prototype from Texas Instruments (TIDM-BIDIR-400-12). Finally, the converter’s
efficiency was obtained with the maximum of 88% for the buck mode and 80% for the
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boost mode. Note that the buck mode represents the battery charging and the boost
mode represents the battery discharging.

In addition, the modulation technique proposed in (CHEN et al., 2014) offers
a single modulation technique for both the boost and buck mode. The modulation is
presented in Figure 21.

Figure 21 – Modulation scheme for Full-Bridge/Push-Pull Isolated bidirectional DC-DC
Converter

Source: (CHEN et al., 2014)

The experimental results of the converter implementing the modulation scheme
was obtained for a 1kW prototype. Although the author mentioned the reduced spike
voltage for the modulation strategy, the converter still needs snubber circuits. Moreover,
the efficiency results were not obtained.

2.3 MICROGRID POWER FLOW

The microgrid can present several states according to the variation of the
source’s generation and load’s consumption. So, the study of the power flow will allow
to find the microgrid control needs and present an algorithm that can be used in the
power management control.

In addition, to study the power flow of the DC microgrid, table 1 compares some
pertinent parameters of products sold in the market and the prototype that should be
built in this Master Thesis. Some characteristics such as the power rating, the DC and
AC bus voltage and the battery ideal state of charge are presented in this table.

Some parameters like the output frequency, battery technology, connection type
and technology have been omitted as they are similar for all products, which are 50 or
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Table 1 – Technology examples

Company Power (kW) DC bus (V) AC bus (V) SoC (%)
Bosch 5 240-940 230 25-75

Kyocera 4,6 100-600 230 8-88
Tabuchi 5,5 80-600 240 -

SMA 2,5 180-280 230 8-88
TrinaBess 18 250-800 400 5-95
Ingecon 3 300-480 230 -
E-Gear 5 42-58 240 5-95

Panasonic 2 - 230 -
Master Thesis 2 400 220 20-80

Source: Own elaboration

60 Hz, Lithium-ion and single-phase inverters without transformer, respectively. Only
the technologies presented in E-Gear and Ingecon feature products with transformer.

2.3.1 DC microgrid

So, to manage the power distribution of the network, the basic techniques used
in power systems are the Kirchhoff’s law and power balance methods. In general,
the power generated must be equal to the power consumed to have a source-load
equilibrium. So, the battery bank and the grid may behave as generator or consumer of
energy when necessary to stabilize the system.

A DC microgrid can have a power flow as shown in Figure 22, in this configuration
the DC bus to battery DC-DC converter and the DC-bus to grid DC-AC inverter must
be bidirectional.

Which:

1. Pv is the power generated by photovoltaic modules;

2. Pb is the power stored in the batteries;

3. Pcc is the critical local defined by the user that should always be charged, such as
lighting circuit;

4. Pc is the local load;

5. Pr is the power grid;

6. Son and Soff represent whether the S switch is closed or open, respectively;

7. SoCb is the battery state charge.
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Figure 22 – DC microgrid’s power flow

Source: Own elaboration

Some loads could be connected to the DC bus without further analysis, since the
DC-AC inverter on this configuration must be bidirectional to keep the DC bus voltage
stable.

With the power values obtained through voltage and current sensors, a logical
algorithm with all the microgrid’s state should be applied the control its power flow.
So, to simplify the analysis, the power generated and consumed are represented for
positive and negative values, respectively. Additionally, the SoCb should not be smaller
than 0.2 or greater than 0.8 to optimize the battery’s lifetime.

The states can occur when only the critical load is connected (Soff ) or when
both loads are being fed (Son). Therefore, when S is open (Soff ) the microgrid can
present a lot of states, so they will be enumerated and explained through a cause and
consequence format, as follows:

1. If Pv = −(Pcc).

Pv provides power to Pcc, Pb remain constant regardless the SoCb value.

2. If Pv > −(Pcc) and SoCb < 0.8.

Pv provides power to Pcc and the excess charges the battery (Pb).

So Pv = −(Pcc + Pb).
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3. If Pv > −(Pcc) and SoCb > 0.8.

Pv provides power to Pcc and the excess is transferred to the grid (Pr).

So Pv = −(Pcc + Pr).

4. If Pv < −(Pcc), SoCb < 0.2.

Pv and Pr provide power to Pcc and Pb.

So Pv + Pr = −(Pcc + Pb).

5. If Pv < −(Pcc), SoCb > 0.2.

Pv and Pb provide power to Pcc.

So Pv + Pb = −(Pcc).

6. If Pv = 0, SoCb < 0.2.

Pr provides power to Pcc e Pb.

So Pr = −(Pcc + Pb).

7. if Pv = 0, SoCb > 0.2.

Pb provides power to Pcc.

So Pb = −(Pcc).

8. If Pv > −(Pcc), SoCb > 0.8 and Pr = 0.

The unidirectional DC-DC converter leaves the maximum power point and keep
the batteries charged, also it is necessary to open the grid’s connection through
the inverter. If the critical load was connected to the DC bus, it could be fed by the
panels and batteries, which is an advantage of the DC microgrid.

So Pv + Pb = −(Pcc).

9. If Pv > −(Pcc), SoCb < 0.8 and Pr = 0.

Open the grid terminal for protection via the DC-AC inverter, leaving the critical
load without power. So, the modules charge the battery.

So Pv = −(Pb).

However, if the critical load was connected to the DC bus, it could be fed by the
panels.
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So Pv = −(Pcc + Pb).

10. If Pv < −(Pcc), SoCb > 0.8 and Pr = 0.

Open the grid terminal for protection via the DC-AC inverter, leaving the critical
load without power. Also, open the PV modules through the unidirectional DC-DC
converter, since there are not a load connected to the system.

Again, if the critical load was connected to the DC bus, it could be fed by the
panels.

So Pv + Pb = −(Pcc).

11. If Pv < −(Pcc), SoCb < 0.8 and Pr = 0.

Open the grid terminal for protection via the DC-AC inverter, leaving the critical
load without power.

So Pv = −(Pb).

If the critical load was connected to the DC bus, it could be fed through the panels.

So Pv = −(Pcc + Pb).

12. If Pv = 0, 0.2 < SoCb < 0.8 and Pr = 0.

Leave the critical load without power. If the load was connected on the DC bus, it
may be powered by the batteries until their charge state is greater than 20%.

So Pb = −(Pcc).

In fact, the DC microgrid should have an autonomy of some hours feeding these
loads. At the end of the autonomy the system should shut down until the PV or grid
generation is reestablished.

When S is closed (Son) the microgrid has the following states:

1. If Pv = −(Pcc + Pc).

Pv provides power to Pcc and Pc while Pb remain constant regardless the SoCb

value.

2. If Pv > −(Pcc + Pc) and SoCb < 0.8.

Pv provides power to Pcc, Pc and the excess charges the battery (Pb).

So Pv = −(Pcc + Pc + Pb).
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3. If Pv > −(Pcc + Pc) and SoCb > 0.8.

Pv provides power to Pcc, Pc and the excess is transferred to the grid (Pr).

So Pv = −(Pcc + Pc + Pr).

4. If Pv < −(Pcc + Pc), SoCb < 0.2.

Pv e Pr provide power to Pcc, Pc and Pb.

So Pv + Pr = −(Pcc + Pc + Pb).

5. If Pv < −(Pcc + Pc), SoCb > 0.2.

Pv e Pb provide power to Pcc and Pc.

So Pv + Pb = −(Pcc + Pc).

6. If Pv = 0, SoCb < 0.2.

Pr provides power to Pcc, Pc and Pb.

So Pr = −(Pcc + Pc + Pb).

7. If Pv = 0, SoCb > 0.2.

Pb provides power to Pcc and Pc.

So Pb = −(Pcc + Pc).

8. If Pv > −(Pcc + Pc), SoCb > 0.8 and Pr = 0.

The unidirectional DC-DC converter leaves the maximum power point and keep
the batteries charged, also it is necessary to open the grid terminal for protection
via the DC-AC inverter.

If the critical load was connected to the DC bus, it could be fed through the panels
and batteries.

So Pv + Pb = −(Pcc + Pc).

9. If Pv > −(Pcc + Pc), SoCb < 0.8 and Pr = 0.

Open the grid terminal for protection via the DC-AC inverter, leaving the load
without power.

So Pv = −(Pb).
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If the load was connected to the DC bus, it could be fed through the panels.

So Pv = −(Pcc + Pc + Pb).

10. If Pv < −(Pcc + Pc), SoCb > 0.8 and Pr = 0.

Open the grid terminal for protection via the DC-AC inverter, leaving the load
without power. Also, open the PV modules through the unidirectional DC-DC
converter, since there are not a load connected to the system.

If the load was connected to the DC bus, it could be fed through the panels and
batteries.

So Pv + Pb = −(Pcc + Pc).

11. If Pv < −(Pcc + Pc), SoCb < 0.8 and Pr = 0.

Open the grid terminal for protection via the DC-AC inverter, leaving the load
without power.

So Pv = −(Pb).

If the load was connected to the DC bus, it could be fed through the panels.

So Pv = −(Pcc + Pc + Pb).

12. If Pv = 0, 0.2 < SoCb < 0.8 and Pr = 0.

Leave the critical load without power.

If the load was connected on the DC bus, it may be powered by the batteries until
their charge state is greater than 20%.

So Pb = −(Pcc + Pc).

The system would have an autonomy of some hours feeding these loads. At the
end of the autonomy the system would shut down until the PV or grid generation is
reestablished.

So, it is possible to observe a great advantage about DC systems that the loads
are connected in the DC bus, the loads will always be fed regardless of a power outage
of the distribution grid or a null generation of photovoltaic modules, since the batteries
have a sufficient state of charge (SoCb > 0.2). So, a well designed battery bank project
would offer a stable microgrid operation for any case above with a designed time.
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2.4 MICROGRID CONTROL

A well-know concept in the literature is that renewable energy sources such as
photovoltaic modules can be used to increase the power system supply. For example,
it can lower the peak of the power curve at high power load demands, since the energy
will be more distributed.

Thus, energy storage systems become an interesting solution for grid connected
applications, especially in conjunction with renewable sources. The system may include
some battery banks or other storage devices to store and supply energy at the right
time.

The proposed microgrid consists in a connection of photovoltaic modules, BESS,
loads and grid into a single DC bus, so a literature review about its control is required
to have a stable system. For instance, it is described by (CUTRIGHT et al., 2018) that
microgrids require a power flow control method that observes the power generation,
consumption and the batteries’ state of charge.

Most of the microgrid’s controls are already described in patents and articles, so
they can be organized as follows:

• Unidirectional DC-DC converter MPPT algorithm;

• Bidirectional DC-AC converter PLL and anti-islanding method;

• DC bus voltage control;

• Battery SoC and equipotentialization control;

• Power flow management control;

As presented by (CUTRIGHT et al., 2018), the microgrid control system should
be conFigured to categorize and prioritize the system’s power demands, ensuring power
availability with effective control of battery state of charge. This control logic can have
several modes of operation and variables, as described in the microgrid power flow
section. Typically, the device responsible for the power balance is the storage system.
Normally, the BESS is accompanied by a control system called BMS to check the
charge state of the batteries, provide protection when the operation is not safe, control
variables such as temperature and other functions.

Therefore, a literature review of the main control techniques used for managing
the microgrid will be presented, as the connection of nonlinear and intermittent sources
can cause a problem in the distribution of electricity. So, some control techniques
such as droop, optimized, hierarchical and central-unit power flow will be presented as
alternative ways to control the DC microgrid (SUAREZ SOLANO et al., 2015).
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2.4.1 Droop control

There are several publications in the literature, such as (SHUVRA; CHOWD-
HURY, 2017), (SUCH; MASADA, 2017), (HAN, 2016) and (GUERRERO; HANG;
UCEDA ANTOLÍN, 2008), as well as patents like (HOLVECK; KOCHEROV, 2018)
that use droop to control the power between sources, grid and BESS. This concept is
well-known in power systems and used in technologies such as voltage regulators.

The main constraints in controlling this type of system is ensuring a similar
distribution between storage units to keep their charge states equal, and making power
distribution to the load without supervising all batteries.

This control technique is also interesting to stabilize the DC bus voltage by
varying the configurable coefficients when the power changes, so it is possible to
maintain a constant voltage.

Furthermore, the patent (CHOI; LEE, 2017) uses droop control to charge and
discharge a BESS, observing its SoC. Similarly, the control of patent (CUTRIGHT et al.,
2018) observes the power demand of the system to control the batteries. Thus, in these
patents the apparent power stored in the batteries is controlled by the slope in the
curves of the grid’s frequency and voltage variation. However, their control seems to fit
an AC microgrid, since they need a voltage and frequency references.

In addition, droop control can also be used to maintain the DC bus voltage ripple
low, according to the work proposed by (SUZAN et al., 2018). This article uses droop to
control the DC bus voltage ripple of an inverter connected to the grid. So, the power is
balanced between them. Furthermore, a capacitor bank is necessary to connect the DC
bus on the grid, this capacitor inserts a slow dynamic into the system which increases
the stability.

2.4.2 Optimized power flow control

In addition, there are some controls that uses mathematical equations to find the
ideal operating point for the system power flow, publications such as (JIAN; YUTIAN;
GUANNAN, 2016), (MASSIGNAN; MACHADO; BOSCO, 2016), (XIA et al., 2015) and
(BUDH; VIRULKAR, 2014) shows some of this methods. For instance, in (BUDH; VIR-
ULKAR, 2014) the author uses a stochastic technique called Dynamic active-reactive
optimal power flow (DAROPF) to find the optimal point of system power transfer for time
periods.

Stochastic models to solve this kind of problem are very implemented in the field
of power systems to find the optimal power flow. This type of control, as shown by (JIAN;
YUTIAN; GUANNAN, 2016), requires to model and study the microgrid power flow, so
needs a method such as Newton-Raphson.



Chapter 2. State of the art 58

2.4.3 Hierarchical control system

The hierarchical control has at least two levels that are implemented by its impor-
tance, as shown in (SUAREZ SOLANO et al., 2015). This control system is well-known
to connect voltage sources in a bus, as represented in (GIRARD; PAPPAS, 2007).

The hierarchy of the system studied in (GUAN et al., 2015) is basically control the
output voltage and current of each source that is connected to the DC bus, synchronize
the system with the grid through an AC/DC inverter and control the system’s power
flow. Meanwhile, in the reference (HE et al., 2013), the major priority is given to the
synchrony and then the source’s output voltage and current control

In conclusion, this control method is very interesting to a reliable microgrid, since
the microgrid has a lot of control variables and all these would be organized with
different priority levels.

2.4.4 Central unit control system

In the publications (GUI et al., 2015) and (OLALLA et al., 2013), the decisions
are made by a controller in a central processing unit.

In general, this unit controls all converters and inverters to add or remove sources
and load to keep the voltage stable and the system’s power sharing. Similar to optimized
power flow control, this control requires an equivalent circuit each system’s operations
as specified in the Power flow section.

In addition, these central units can be Flexible Alternating Current Transmission
System (FACTS) devices, such as a Unified power flow controller (UPFC), a Static
synchronous compensator (STATCOM) or a Static VAR compensator (SVC) as shown
by (XU et al., 2017).

2.4.5 Other control methods

Control is a specific need of each system, and there may be several solutions to
the same problem. The methods cited for controlling the microgrid are not the only ways
to keep it stable. There are studies such as the harmonic detection control (KUMAR;
SINGH, 2017), the peak shaving control (WANG; ZARGHAMI; VAZIRI, 2016) and the
hysteresis current control (SUBRAMANYAM; VYJAYANTHI, 2016) that may solve the
problem of the microgrid’s power sharing.
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3 STUDY OF THE DC-DC FULL-BRIDGE ZVS-PWM STAGE

The development of an Isolated Bidirectional DC-DC Converter is necessary
to do the power management of the DC microgrid, as studied in the state of the art.
Thus, to understand the bidirectional converter proposed in this Master Thesis, it is first
necessary to understand each converter stage separately, which will be divided in two
stages. Further, the first power stage that is called Full-bridge ZVS-PWM Stage will be
used to perform the bidirectional converter.

Therefore, this chapter is an study review of the unidirectional topology known
in the literature as Full-Bridge ZVS-PWM converter (BARBI; PÖTTKER, 2019), which
Zero Voltage Switching (ZVS) means Zero Voltage Switching and PWM means Pulse-
Width-Modulation. The circuit represented in figure 23 is modulated in order to have
three voltage levels in Vab and it is connected to a diode bridge in the secondary side.
Both sides are isolated galvanically by a high frequency transformer.

Figure 23 – Isolated unidirectional DC-DC Full-Bridge ZVS-PWM converter

Source: Own elaboration based on (BARBI; PÖTTKER, 2019)

The major reference for writing this chapter is the book (BARBI; PÖTTKER,
2019) from Professor Dr. Ivo Barbi and Professor Dr. Fabiana Pottker. Furthermore, the
converter presents some characteristics, such as:

• Voltage input;

• Current output;

• Galvanic isolation between the primary and secondary side of the transformer;

3.1 GATE SIGNALS

In order to understand the operation steps of the mentioned converter, it is
necessary to visualize the gate signals of each switch. Thus, as can be seen in figure
24, the control signals of each leg are complementary and consequently the voltage in
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the primary side of the transformer (Vab) and the power transferred to the load can be
controlled by the lag between the command signals of the lags (φ).

Figure 24 – Gate Signals of the switches and Voltage Vab

Source: Own elaboration based on (BARBI; PÖTTKER, 2019)

In pulse width modulation the switching frequency is set and the switches of
each leg have a duty cycle of 50%. In addition lagging leg is triggered with a lag angle
(φ) in relation to the leading leg, in order to transfer the power. Therefore, the angle φ
can vary from 0o to 180o, representing the maximum and zero power transferred to the
load.

3.2 CIRCUIT OPERATION

In this first analysis, the converter will be studied with hard switching, so there is
still no dead-time between the gate signals of the switches in the same lag.

The transformer leakage inductance (Llk) will be considered. In the next anal-
ysis, this inductance will resonate with the capacitors in parallel with the switches in
order to realize soft commutation of the switches. Furthermore, other components are
considered ideal.

Time interval ∆t1 - At time t0 the topological state of the converter is represented
by figure 25. The current source, which represents the load, is short-circuited by the
output rectifier diodes. The current of the leakage inductance Llk circulates through S3

and D1.
Time interval ∆t2 - During this time interval, the switch S4 is turned on and the

switch S3 is turned off, as shown in figure 26. Since the current in the inductor Llk
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Figure 25 – Topological state of the first stage of operation of the unidirectional DC-DC
Full-Bridge ZVS-PWM converter

Source: Own elaboration based on (BARBI; PÖTTKER, 2019)

remains negative due to the previous step, the current flows through the diodes S1 and
D4, also it increases linearly until it becomes zero. In this step Vab = VLlk = VFB and the
output is short-circuited.

Figure 26 – Topological state of the second stage of operation of the unidirectional
DC-DC Full-Bridge ZVS-PWM converter

Source: Own elaboration based on (BARBI; PÖTTKER, 2019)

Time interval ∆t3 - The topological state representing the third stage of opera-
tion is shown in figure 27. This state begins at t2, when the current in the inductor Llk is
fully demagnetized, so it reverses the polarization of the diodes D1 and D4.

Also, in this time interval the switches S1 and S4 turn on, so they start to drive
current in the inductor Llk which increases linearly. Furthermore, Vab = VLlk = VFB and
the rectifier is short-circuited.

Time interval ∆t4 - The fourth step of operation that starts at t = t3 is shown
in figure 28. It begins when the current of the inductor Llk reaches the current of the
output IL reflected to the primary side of the transformer. Since Vab = VFB, the diode
D5 is directly polarized and the power is transferred to the load.
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Figure 27 – Topological state of the third stage of operation of the unidirectional DC-DC
Full-Bridge ZVS-PWM converter

Source: Own elaboration based on (BARBI; PÖTTKER, 2019)

Figure 28 – Topological state of the fourth stage of operation of the unidirectional DC-
DC Full-Bridge ZVS-PWM converter

Source: Own elaboration based on (BARBI; PÖTTKER, 2019)

Time interval ∆t5 - The fifth step of operation starts when t = t4, which can be
seen in figure 29. During this stage, the switch S2 is triggered and S1 is turned off.

Hence, the output current source is short-circuited in the secondary side of
the transformer. Furthermore, the voltage Vab is equals to zero and the current in the
inductor Llk flows through the diode D2 and the switch S4.

Time interval ∆t6 - The topological state that represents the sixth step of op-
eration is shown in figure 30. It starts at t = t5, when S3 is gated and S4 is switched
off.

As the current in the inductor stays positive, it flows through diodes D2 and D3.
Also its value is decreasing linearly from the maximum to zero. In addition, the voltage
Vab = VLlk = −VFB and the output is short-circuited.

Time interval ∆t7 - The topological state shown in figure 31 represents the
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Figure 29 – Topological state of the fifth stage of operation of the unidirectional DC-DC
Full-Bridge ZVS-PWM converter

Source: Own elaboration based on (BARBI; PÖTTKER, 2019)

Figure 30 – Topological state of the sixth stage of operation of the unidirectional DC-DC
Full-Bridge ZVS-PWM converter

Source: Own elaboration based on (BARBI; PÖTTKER, 2019)

seventh stage of operation. It begins at t = t6 when the current in the inductor Llk is
equal to zero.

Therefore, the current that was flowing through the diodes D2 and D3 in the
previous time interval flows through the switches S2 and S3, while the current in the
inductor decreases linearly until it reaches the maximum negative value. In addition,
during this step Vab = VLlk = −VFB and the output is short-circuited.

Time interval ∆t8 - The eighth step of operation that begins at t = t7 is repre-
sented by Figure 32. This stage begins when the current in the inductor Llk reaches
the maximum output current’s value reflected to the primary (Ilk = αIL).

Since the voltage Vab = −VFB, the rectifier is no longer short-circuited because
and the diode D6 is directly polarized, so the power is transferred to the load.
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Figure 31 – Topological state of the seventh stage of operation of the unidirectional
DC-DC Full-Bridge ZVS-PWM converter

Source: Own elaboration based on (BARBI; PÖTTKER, 2019)

Figure 32 – Topological state of the eighth stage of operation of the unidirectional DC-
DC Full-Bridge ZVS-PWM converter

Source: Own elaboration based on (BARBI; PÖTTKER, 2019)

3.2.1 Waveforms

With the topological states defined, the main waveforms of the converter are
shown in figure 33.

3.3 COMMUTATION ANALYSIS

In this analysis, the capacitors are added in parallel with the full-bridge switches
and a dead-time is introduced between the gate signals of the switches of the legs.
Thus, soft commutation can be achieved with four more time intervals for each switching
period (Ts). In addition, the mathematical analysis of the capacitance and dead-time
necessary to perform a zero-voltage-switching will be performed later.

In the complete full-bridge converter, the inductor Llk provides energy to charge
and discharge the switching capacitors at the interval that commutation occurs. Thus,
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Figure 33 – Main waveforms of the unidirectional DC-DC Full-Bridge ZVS-PWM con-
verter

Source: Own elaboration based on (BARBI; PÖTTKER, 2019)
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they can be fully discharged, causing the antiparallel diodes to conduct current before
the dead-time finishes. Therefore, for light load conditions, soft commutation may not
be achieved as there may not be enough energy stored in the inductor Llk to charge
and discharge the capacitors.

So, in order to extend the operating range of the soft switching, the inductance
Llk must be increased. However, a large inductance increases the reactive energy
circulating in the converter, decreasing its efficiency due to conduction losses and
increasing its weight and volume.

Finally, the converter presents twelve topological states which eight of them are
the same as it was presented in this chapter.

3.3.1 Leading leg commutation

The leading leg, composed of S1 and S2, switches its states when the secondary
output is not short-circuited, then the output current charges and discharges the capac-
itors of the switches with a linear waveform.

Figure 34 illustrates the switching interval that occurs between periods t4 and
t5, when switch S1 is switched off and S2 is not yet switched on. So, the current in the
inductor Llk is equal to the output current’s value reflected to the primary side (αIL)
and half of the current flows through each capacitor, charging C1 from 0 to VFB and
discharging C2 from VFB to 0.

Figure 34 – Topological state of the dead-time implemented when S1 turns off and S2

turns on.

Source: Own elaboration based on (BARBI; PÖTTKER, 2019)

In addition, it can be seen in the waveforms of figure 35 that when the capacitor
C2 is fully discharged, the diode D2 begins to conduct together with the switch S4.

Figure 36 illustrates the time interval between periods t8 and t1 when S2 is
switched off and S1 is not yet switched on. Hence, the current in the inductor Llk is equal
to the negative output current’s value reflected to the primary side (−αIL) and half of
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Figure 35 – Main waveforms of the converter with the dead-time implemented when S1

turns off and S2 turns on.

Source: Own elaboration based on (BARBI; PÖTTKER, 2019)

the current flows through each capacitor, charging C2 from 0 to VFB and discharging C1

from VFB to 0.

Figure 36 – Topological state of the dead-time implemented when S1 turns on and S2

turns off.

Source: Own elaboration based on (BARBI; PÖTTKER, 2019)

In addition, it can be seen in the waveforms of figure 37 that when the capacitor
C1 is fully discharged, the diode D1 starts to conduct together with the switch S3.

Therefore, it is noticed that the commutation of these switches always occurs
when there is a output current present in the circuit, as shown in the equivalent circuit
of figure 38. Furthermore, the two commutation periods of this leg have the same
equivalent circuit, changing only the direction of the current in each one.
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Figure 37 – Main waveforms of the converter with the dead-time implemented when S1

turns on and S2 turns off.

Source: Own elaboration based on (BARBI; PÖTTKER, 2019)

Figure 38 – Equivalent circuit of the leading leg commutation

Source: Own elaboration

Thus, the initial conditions of the circuit is given by the expressions 3, 4 and 5.

VC1(0) = 0 (3)

VC2(0) = VFB (4)

Ilk(0) = αIL (5)

From the equivalent circuit, equations 6 and 7 could be found:

αIL = IC1(t) + IC2 (6)
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VFB = VC1(t) + VC2 (7)

In addition, the currents in the capacitors are defined as:

IC1(t) = C1
dVC1(t)

dt
(8)

IC2(t) = C2
dVC2(t)

dt
(9)

Substituting equations 8 and 9 into 6 gives 10.

αIL = C1
dVC1(t)

dt
+ C2

dVC2(t)

dt
(10)

Since the capacitances are equal to each other, the equation 10 can be rewritten
to obtain equation 11.

αIL = 2C
dVC1(t)

dt
(11)

Applying the Laplace transform in equation 11 equations 12 and 13 are obtained.

αIL
s

= 2CsVC1(s) (12)

VC1(s) =
αIL
s22C

(13)

Applying the inverse Laplace transform in equation 13 gives the expression 14.

VC1(t) =
αIL
2C

t (14)

Thus, by isolating the time in the equation 14 and considering that the capacitor’s
voltage is equal to the input voltage, equation 15, which represents the minimum dead-
time to guarantee ZVS in the leading leg, can be obtained.

td ≥
2CVFB
αIL

(15)

3.3.2 Lagging leg commutation

The lagging leg (S3 and S4) change its states when the secondary output is short-
circuited, so the charge and discharge of the capacitors in parallel with the switches
happens in a resonant way. This leg has a more critical commutation, because only the
energy stored in the inductor Llk is available to charge and discharge of the capacitors.

Figure 39 illustrates the time interval between periods t1 and t2, when switch S3

is off and S4 is not yet switched on. Then, the current in the inductor Llk is equals to
the negative output current’s value reflected to the primary side (−αIL) and half of the
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current flows through each capacitor. Thus, this current charges C3 from 0 to VFB and
discharges C4 from VFB to 0.

Figure 39 – Topological state of the dead-time implemented when S3 turns off and S4

turns on.

Source: Own elaboration based on (BARBI; PÖTTKER, 2019)

In addition, it can be seen in the waveforms of figure 40 that when the capacitor
C4 is fully discharged, the diode D4 begins to conduct together with the switch S1.

Figure 40 – Main waveforms of the converter with the dead-time implemented when S3

turns off and S4 turns on.

Source: Own elaboration based on (BARBI; PÖTTKER, 2019)

Figure 41 illustrates the time interval between instants t5 and t6, when switch S4

is switched off and S3 is not yet switched on. Therefore, the current in the inductor Llk
is equals to the negative output current’s value reflected to the primary side (−αIL) and
half of the current flows through each capacitor, so it charges C4 from 0 to VFB and
discharges C3 from VFB to 0.

In addition, it can be seen in the waveforms of figure 42 that when the capacitor
C3 is fully discharged, the diode D3 begins to conduct together with the switch S2.
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Figure 41 – Topological state of the dead-time implemented when S3 turns on and S4

turns off.

Source: Own elaboration based on (BARBI; PÖTTKER, 2019)

Figure 42 – Main waveforms of the converter with the dead-time implemented when S3

turns on and S4 turns off.

Source: Own elaboration based on (BARBI; PÖTTKER, 2019)

The main difference in this leg is that the rectifier is short-circuited, so the only
available energy to charge and discharge the capacitors is that stored in the inductor
Llk, as shown in the equivalent circuit of figure 43.

Although the current direction and the diode that will be polarized at the end of
this step are different, the analysis can be done for only one of these steps.

The initial conditions of the equivalent circuit shown in figure 43 are given by
equations 16, 17 and 18.

VC3(0) = 0 (16)

VC4(0) = VFB (17)
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Figure 43 – Equivalent circuit of the lagging leg commutation

Source: Own elaboration

Ilk(0) = αIL (18)

From the electric circuit the following equations can be obtained:

Ilk(t) = IC3(t) + IC4(t) (19)

Llk
dIlk(t)

dt
+ VC3(t)− VFB = 0 (20)

VFB = VC3(t) + VC4(t) (21)

Besides, the current in the capacitors can be defined as:

IC3(t) = C3
dVC3(t)

dt
(22)

IC4(t) = C4
dVC4(t)

dt
(23)

By substituting equations 22 and 23 in equation 19, 24 is obtained.

Ilk(t) = C3
dVC3(t)

dt
+ C4

dVC4(t)

dt
(24)

As the capacitances are equal, equation 24 can be rewritten to obtain 25.

Ilk(t) = 2C
dVC3(t)

dt
(25)

Applying Laplace transform in the equations 25 and 20, equations 26 and 27 are
found.

Ilk(s) = 2sCVC3(s) (26)
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sLlkIlk(s)− LlkαIL + VC3(s) = 0 (27)

If the equation 26 is replaced in 27, 28 can be found.

VC3(s)(s22LlkC + 1) = LlkαIL (28)

If the equation 29 is replaced in 28, 30 is obtained.

ωo =
1√

2LlkC
(29)

VC3(s) = Llkω
2
o

αIL
(s2 + ω2

o)
(30)

The expression 32 is found by replacing the equation 31 into 30 and applying
the inverse Laplace transform.

z =

√
Llk
2C

(31)

Vc (t) = zαILsen (ωot) (32)

Finally, by replacing the equation 32 in 25, the expression 33 that represents the
current of the inductor is found.

Ilk (t) = αILcos (ωot) (33)

In order to find the critical time to have ZVS in the lagging leg, the state plane
trajectory that represents the topological state can be used as a tool, as shown in figure
44.

The center of the circle is at (VFB, 0) and the initial current is −zαIL. Thus, the
capacitor is resonantly discharged within the angle β. When the trajectory reaches the
angle ∆, the voltage in the capacitor is null and the diode starts to conduct in a linear
way, causing the remaining current of the inductor to discharge into the power source.
Therefore, to ensure soft commutation, the circle has to intercept the y-axis, so the
equation 34 is valid.

zαIL ≥ VFB (34)

If the terms of equations 34 are rearranged, 35 is found.

αIL ≥
√

2C

Llk
VFB (35)
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Figure 44 – State plane trajectory that represents the equivalent circuit

Source: Own elaboration

Furthermore, as it can be understood from figure 44:

β + ∆ =
π

2
(36)

The time interval that commutation occurs is defined by equation 37.

∆t =
β

ω
(37)

After some algebraic manipulation the equation 38 is found.

∆t =
(π

2
−∆

)√
2CLlk (38)

The angle ∆ is defined by the expression 39:

∆ = cos−1

(
VFB
αIL

√
2C

Llk

)
(39)

Substituting equation 39 in 38 gives 40 which represents the minimum dead-time
needed to guarantee soft commutation with a Zero-Voltage-Switching.

∆t =

[
π

2
− cos−1

(
VFB
αIL

√
2C

Llk

)]√
2CLlk (40)

3.4 OUTPUT CHARACTERISTICS

In this analysis, the commutation intervals are disregarded, since they are very
small with respect to the other intervals. In addition, the current in the inductor will be
considered constant.
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Since the converter is symmetrical in a switching period and according to figure
33, the following time intervals are equal: ∆t1 = ∆t5, ∆t2 = ∆t6 and ∆t3 = ∆t7.

In addition, the time interval which Vab=±VFB is defined as ∆T, thus the equations
41 and 42 can be written.

∆T = ∆t2 + ∆t3 + ∆t4 = ∆t6 + ∆t7 + ∆t8 (41)

TS
2

= ∆T + ∆t5 (42)

Moreover, the duty cycle is defined by the expression 43:

D =
2∆T

TS
(43)

The current in the inductor Llk evolves linearly in the time intervals ∆t2, ∆t3, ∆t6

and ∆t7, so the output rectifier diodes are short-circuited and the output voltage is zero.
Then, the power is transferred to the load only in time intervals ∆t4 and ∆t8.

Furthermore, the effective duty cycle is defined as equation 44

Def =
2∆t4
TS

(44)

The time intervals ∆t2 and ∆t3 have the same equivalent circuit and the same
voltage across the inductor, so these time intervals are described by the equation 45.

∆t2 = ∆t3 = (D −Def )
TS
2

(45)

The first time interval is defined as:

∆t1 = (1−D)
TS
2

(46)

In the third time interval, the current in the inductor can be found by the expres-
sion 47:

VFB = Llk
dIlk(t)

dt
(47)

Applying Laplace transform the inductor current is found, as it can be seen in
equation 48.

Ilk(s) =
VFB
s2Llk

(48)

Finally, when it is applied the inverse Laplace transform in the equation 48, 49 is
obtained.

Ilk(t) =
VFB
Llk

t (49)
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This time interval ends when the current in the inductor reaches the nominal
value of the output current reflected to the primary(αIL). The interval ∆t3 can be defined
by the equation 50.

∆t3 =
αILLlk
VFB

(50)

Substituting the equations 44, 45 and 50 in the equation 41, the expression 51
is found.

∆T =
2αILLlk
VFB

+Def
TS
2

(51)

The duty cycle loss due to the voltage drop in the inductance is defined as the
parameterized current I ′lk:

I
′
lk =

4αILLlkf

VFB
(52)

Therefore, the effective duty cycle is defined by equation 53.

Def = D − 4αILLlkf

VFB
(53)

Finally, the output voltage with the voltage drop in the inductance is defined by
equation 54.

Vop = DefVFB (54)

Therefore, the transformer turns ratio is defined by equation 55.

α =
Vbat

VFBDef

=
Vbat
Vop

(55)
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4 STUDY OF THE CURRENT-FED PUSH-PULL STAGE

To develop the Isolated Bidirectional DC-DC Converter it is fundamental to study
the second power stage that is called the Current-Fed Push-Pull Stage. Further, this
stage will be integrated with the DC-DC Full-Bridge ZVS-PWM Stage to develop the
desired converter.

Therefore, this chapter is dedicated to the study of the current-fed push-pull
converter. First, the idealized converter will be studied to clarify the basic concepts
regarding its operation, after that some non-idealities will be added to the circuit to
study the real operation of the converter. The main references used in this chapter are
the master thesis of Mauro Tavares Peraça (PERAÇA et al., 2002) and Faruk José
Nome Silva (SILVA, 1998), both advised by Professor Dr. Ivo Barbi.

The unidirectional isolated DC-DC current-fed Push-Pull converter works with
overlapped gate signals of the switches. Thus, it has an operation similar to the iso-
lated symmetrical boost converter, which is largely used in industrial applications. The
converter operation is based on the energy storage at the input inductor (L) when both
switches (S5 and S6) are turned on and the transfer of the energy to the load when one
of the switches are turned off.

Although the converter operates in continuous and discontinuous conduction
mode (CCM and DCM), it is only usual to operate it in CCM because of its pour efficiency
operating in DCM and also it current stresses. Then, the CCM will be deeply discussed
in this section and DCM will be studied only to find a critical condition to operate in
CCM.

A desirable feature of this topology is basically the high static gain that converts
the batteries voltage (Vbat = 48V ) to the DC bus voltage of the microgrid (VFB = 400V ).
Also, there is a current peak limitation in the battery due to the presence of the inductor
at the push-pull side, which is perfect to charge and discharge batteries.

Nevertheless, the converter has some drawbacks that are the high voltage
across the switches and the power loss, both due to the leakage inductance of the
transformer. So, this disadvantages will be studied and overcome further in the end of
this chapter.

4.1 IDEAL UNIDIRECTIONAL ISOLATED DC-DC CURRENT-FED PUSH-PULL CON-
VERTER

The ideal current-fed Push-Pull stage is shown in Figure 45. This consists of an
usual push-pull converter on the primary side of the transformer with an inductor (L)
in series with the voltage source (Vbat), so the converter operates as a current source.
Also, the secondary of the transformer has a diode bridge.

The converter is considered ideal when there are a perfect magnetic coupling



Chapter 4. Study of the Current-Fed Push-Pull Stage 78

Figure 45 – Ideal unidirectional isolated DC-DC current-fed push-pull converter

Source: Own elaboration

in the transformer and a very high magnetizing inductance, also there are not leakage
inductance and parasitic resistances. In addition, the transformer turns ratio (α), shown
in Figure 45, modifies the converter’s static gain.

4.1.1 Continuous Conduction Mode

The converter is considered to be operating in the continuous conduction mode
(CCM) when the current in the push-pull inductor does not reaches zero in a switching
period.

This converter operates with constant commutation frequency (f ) and a variable
duty cycle on two switches located at the primary side. The diode bridge in the sec-
ondary side rectifies the voltage which is subsequently filtered by an capacitor (Co) in
order to maintain a low ripple voltage across the load resistor (Ro) that will represents
the DC bus (VFB).

4.1.1.1 Gate signals

The ideal converter has four stages of operation, so it has four topological states.
Also, it operates with a duty cycle (D) that represents the cycle that the input inductor is
accumulating energy from the battery. The switches gate-source signals are shown in
Figure 46.

The operation shown in Figure 46 illustrates that in steps 1 and 3 the inductor
stores energy and in steps 2 and 4 it transfers the stored energy to the load.

4.1.1.2 Circuit operation

The analysis of the circuit presented in Figure 45 applying the modulation of
Figure 46 has four operation steps, as it will be presented hereafter.
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Figure 46 – Gate signals of the ideal unidirectional isolated DC-DC current-fed push-
pull converter - CCM operation

Source: Own elaboration

Time interval ∆t1 - At t0, the switch S5 is gated on and then conducts current.
So, it assumes half of the average current of the inductor (L), since switch S6 is al-
ready conducting from previous step. Therefore, the voltage in the transformer primary
windings is zero, so it does not transfer energy.

Moreover, the current in the inductor increases linearly and the power required
from the load is supplied by the capacitor. The first step is illustrated in Figure 47.

Figure 47 – First topological state of the ideal DC-DC current-fed push-pull converter -
CCM operation

Source: Own elaboration

Time interval ∆t2 - At time t1, the switch S6 is turned off, so the diodes D2 and
D3 are polarized and begin to conduct. During this step, the load is fed by the energy
that was accumulated in the inductor and the switch S5 conducts all the current. The
second step is illustrated in Figure 48.

Time interval ∆t3 - At time t2, the switch S6 is turned on again and then starts
to conduct half of the current from the inductor. This step is identical to the first one and
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Figure 48 – Second topological state of the ideal DC-DC current-fed push-pull converter
- CCM operation

Source: Own elaboration

is illustrated in Figure 49.

Figure 49 – Third topological state of the ideal DC-DC current-fed push-pull converter -
CCM operation

Source: Own elaboration

Time interval ∆t4 - Finally, at time t3, the switch S5 is gated off, so the trans-
former windings has a positive voltage and the diodes D1 and D4 are direct polarized,
so it the energy is transferred to the load as in the second step. The fourth step is
illustrated in Figure 50.

4.1.1.3 Waveforms

The main waveforms of the ideal current-fed Push-Pull converter are shown in
Figure 51.

The maximum breakdown voltage across the switches are twice the voltage of
the load referred to the push-pull side.

Also, it can be inferred that the waveforms and topological states are symmetrical
for half cycle, then in the next analysis for CCM only half period will be demonstrated.
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Figure 50 – Fourth topological state of the ideal DC-DC current-fed push-pull converter
- CCM operation

Source: Own elaboration

Figure 51 – Main waveforms of the ideal unidirectional isolated DC-DC current-fed push-
pull converter - CCM operation

Source: Own elaboration
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4.1.1.4 Static Gain

The duty cycle (D) that represents the cycle that each switch is on and the duty
cycle of the converter (d) represents the cycle that the inductor is charging.

With the Figure 52, it is possible to define the equation 56.

DT =
dT

2
+
dT

2
+

(
(1− d)T

2

)
(56)

So, this equation can be simplified into equation 57.

D =
d+ 1

2
(57)

Also, the time intervals can also be calculated as shown in equations 58 and 59.

∆t1 = t1 − t0 =
dTS

2
(58)

∆t2 = t2 − t1 =
(1− d)TS

2
(59)

In order to obtain the static gain and thus the output characteristics of the con-
verter, it is used the fact that the average voltage at the inductor is zero during a period
of operation as represented at equation 60.

VLmed = 0 (60)

Also, the average voltage across the inductor can be defined as equation 61:

VLmed =
2

TS

 ∆t1∫
0

Vbatdt+

∆t2∫
0

(Vbat − αVFB)dt

 (61)

If equation 60 is replaced in 61, it gives equation 62.

0 =
2

TS

(
Vbat

dTS
2

+ (Vbat − αVFB)
(1− d)TS

2

)
(62)

Finally, if equation 62 is algebraically manipulated, the static gain of the converter
can be found, as shown in equation 63.

q =
VFB
Vbat

=
1

α(1− d)
(63)

The most desirable duty cycle is the one that limits the value of the voltage
across the switches and this is represented in equation 64. So, with this equation is
possible to assume a switch maximum voltage and calculate the needed duty cycle.

dmax = 1− 2Vbat
VSmax

(64)
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Then, there is a maximum static gain that the duty cycle can provide and this is
represented in equation 65.

qd =
1

1− dmax
(65)

Now, different from the equation 55 which α is based on the duty cycle, it is
possible to find a relation to α by choosing an admissible drop voltage in the battery
terminals, as represented in equation 66.

α =
qd(Vbat − Vdrop)

VFB
(66)

Finally, the duty cycle of the converter is defined as shown in equation 67.

d = 1− Vbat
αVFB

(67)

And the turns number of the primary and secondary side of the transformer can
be then calculated as shows equation 68.

NP = αNS (68)

In addition, to demagnetize the inductor (L), the voltage from the DC bus re-
ferred to push-pull side be higher than the voltage of the batteries, this voltage can be
calculated as equation 69 shows:

αVFB =
Vbat

1− d
(69)

4.1.1.5 Inductor ripple current

First of all, it is possible to use the formula that represents the inductor voltage
as represented in equation 70.

VL = L
diL(t)

dt
= L

∆iL
∆t

(70)

As ∆iL represents the inductor ripple current, ∆t represents the time that the
inductor is being magnetized.

∆t =
dTS

2
(71)

Also, it is know that:

f =
1

TS
(72)
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The voltage across of the inductor is equals to the battery voltage. Then, if 71
be replaced in 70 gives:

Vbat = 2L
∆iL
dTS

(73)

Thus, to calculate the inductance (L) of the push-pull converter it is necessary to
chose a maximum ripple current and isolate L in the expression 73.

L =
Vbatd

2f∆iL
(74)

4.1.1.6 DC bus ripple voltage

To calculate the maximum DC bus voltage ripple across the capacitor, a similar
approach is used. However, the objective is to size the capacitor. Therefore, the formula
of the current in the capacitor is used, as shown in equation 75:

IC = C
dVC(t)

dt
= C

∆VC
∆t

(75)

Since ∆VC is the DC bus voltage ripple and ∆t is the period which the capacitor
is discharged, if 71 be replaced in 75, it gives:

∆VC =
ICdTS

2C
(76)

Moreover, by isolating the variable d in the expression 63 it is leads to:

d =
αVFB − Vbat

αVFB
(77)

Finally, if equation 77 be replaced in 76, it is possible to size the capacitance by
choosing a maximum voltage ripple at the DC bus ripple, as shown in equation 78.

C =
IC

2f∆VC
· αVFB − Vbat

αVFB
(78)

4.1.2 Discontinuous Conduction Mode

The operation of the current-fed push-pull converter in the discontinuous conduc-
tion mode (DCM) is not common. Notwithstanding, the presentation of the operating
steps and the output characteristics of this mode will be important to understand and
correctly size the converter.

Furthermore, the electrical circuit remains the same as presented in Figure 45.

4.1.2.1 Gate signals

The gate signals of the switches are shown in Figure 52. Although they are not
different from the commands in the continuous conduction, there are two more time
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intervals and topological states that represents the period which the current at the
inductor is zero.

Figure 52 – Gate signals of the ideal unidirectional isolated DC-DC current-fed push-
pull converter - DCM operation

Source: Own elaboration

It can be seen in Figure 52 that steps 1 and 4 represent the energy accumulation
in the inductor, steps 2 and 5 represent the energy transfer from the inductor to the load
and steps 3 and 6 represent the stationary period which the current at the inductor is
zero. Moreover, in steps 3 and 6, only the capacitor supplies power to the load.

An important aspect of the theory on discontinuous conduction mode is the
extinction of the inductor current exactly in half of a switching period, which indicates
the operation in the critical continuous conduction mode (CCCM), or the boundary
between the continuous and discontinuous modes.

In fact, the study of the operation in DCM will be performed only to identify the
CCCM, since the converter should not operate in the DCM due to the low performance
and large current stresses in the semiconductors.

4.1.2.2 Circuit operation

The topological states of the converter operating in DCM are described next.
Time interval ∆t1 - At time t0 the switch S5 is gated on and switch S6 was already

on since the previous. This step has the operation equals to first step in CCM, which
the inductor is being magnetized. Thus, the magnetic flux at the transformer terminals
cancels out, because they have opposite directions. So, there is no energy transfer to
the load. The first step is illustrated in Figure 53.

Time interval ∆t2 - At time t1, the switch S6 turned off and again the converter
behaves equal to the second stage of the continuous conduction mode, which the
energy of the inductor is transferred to the load because the diodes D2 and D3 are
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Figure 53 – First topological state of the ideal DC-DC current-fed push-pull converter -
DCM operation

Source: Own elaboration

directly polarized. Therefore, the current in the inductor is decreases linearly and this
step is illustrated in Figure 54.

Figure 54 – Second topological state of the ideal DC-DC current-fed push-pull converter
- DCM operation

Source: Own elaboration

Time interval ∆t3 - At time t2, the circuit is the same as in the previous topo-
logical state, but the current in the inductor is null. Thus, there is no more energy to
be transferred to the output. This step is called the stationary stage and only the filter
capacitor at the output provides power to the load. The third step is illustrated in Figure
55.

Time interval ∆t4 - At time t3, the switch S6 is gated on and the converter
assumes the same configuration as the first stage of CCM, which the inductor is mag-
netized with a linear current. The fourth step is illustrated in Figure 56.

Time interval ∆t5 - At time t4, the switch S5 is gated off and then the converter
assumes the configuration of the fourth operating stage of CCM, which the inductor is
demagnetized with a linear current through diodes D1 and D4, providing power to the
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Figure 55 – Third topological state of the ideal DC-DC current-fed push-pull converter -
DCM operation

Source: Own elaboration

Figure 56 – Fourth topological state of the ideal DC-DC current-fed push-pull converter
- DCM operation

Source: Own elaboration

load. The fifth step is illustrated in Figure 57.
Time interval ∆t6 - At time t5, the current in the inductor drops to zero. Then,

there is no more energy to be transferred, so only the filter capacitor at the output
provides power to the load. The sixth step is illustrated in Figure 58.

4.1.2.3 Waveforms

The main waveforms of the ideal current-fed Push-Pull converter operating in
DCM are shown in Figure 59.

It can be inferred that the waveforms and topological states are symmetrical for
half cycle, then in the next analysis for DCM only half period will be demonstrated.
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Figure 57 – Fifth topological state of the ideal DC-DC current-fed push-pull converter -
DCM operation

Source: Own elaboration

Figure 58 – Sixth topological state of the ideal DC-DC current-fed push-pull converter -
DCM operation

Source: Own elaboration

4.1.2.4 Output Characteristics

First of all, in order to find the static gain of the converter operating in the DCM,
it will be necessary to obtain the time duration of each topological state. Thus, as the
converter presents symmetrical half-periods, only the three initial time intervals have to
be analyzed.

∆t1 =
dTS

2
(79)

∆t1 + ∆t2 + ∆t3 =
TS
2

(80)

The load current at the output is equal to twice the average current in the output
diodes:

Io = 2IDmd (81)
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Figure 59 – Main waveforms of the ideal unidirectional isolated DC-DC current-fed push-
pull converter - DCM operation

Source: Own elaboration

The current in the output diode can also be found from its waveform.

IDmd =
αILmax∆t2

2TS
(82)

In the time interval ∆t1, the inductor is being magnetized, so the current at the
end of this step has its maximum value.

ILmax =
Vbat∆t1
L

(83)

If equation 79 be replaced into 83, it gives:

ILmax =
VbatdTS

2L
(84)
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In the time interval ∆t2, the inductor is transferring energy and the current is null
at the end of the period, so:

ILmax −
(αVFB − Vbat)∆t2

L
= 0 (85)

If equation 84 be replaced into 85, it gives:

VbatdTS
2L

=
(αVFB − Vbat)∆t2

L
(86)

If ∆t2 be isolated, it leads to:

∆t2 =
VbatdTS

2(αVFB − Vbat)
(87)

Now, by substituting 83 into 82, it gives:

IDmd =
αVFB∆t1∆t2

2TSL
(88)

Finally, substituting equations 79 and 87 into 88, it gives:

IDmd =
αVbat

2d2TS
8L(αVFB − Vbat)

(89)

Finally, replacing 89 in 81 gives:

Io =
αVbat

2d2

4Lf(αVFB − Vbat)
(90)

Then, substituting the equation 63 in equation 90, the following DCM static gain
is found.

qdcm =
Vbatd

2

4fLIo
+

1

α
(91)

It is possible to analyze that in the expression 91 some characteristics of the
converter. First of all, the relation between the static gain and the duty cycle is not
directly proportional. In addition, the load current depends on the static gain of the
converter.

Although in DCM the converter behaves in a non-linear way and that the static
gain depends on the load, when the it reaches CCM this characteristic disappears,
which is good for the converter because it simplifies the analyze.

4.2 UNIDIRECTIONAL ISOLATED DC-DC CURRENT-FED PUSH-PULL CON-
VERTER WITH LEAKAGE INDUCTANCE

The non-idealities modifies the current-fed push-pull converter analysis. Thus,
the new analysis will be performed by adding the Leakage inductance studied in Chapter



Chapter 4. Study of the Current-Fed Push-Pull Stage 91

3 (Llk) referred to the push-pull side of the transformer (Ld1 and Ld2) in series with the
switches. The converter with leakage inductance is shown in Figure 60.

Figure 60 – Unidirectional isolated DC-DC current-fed push-pull converter with leakage
inductance

Source: Own elaboration

Note that these inductances (Ld1 and Ld2) are the inductance from Chapter 3 (Llk)
referred to the Current-Fed Push-Pull Stage. The inductance value can be calculated
with equation 92

Ld1 = Ld2 = 2α2Llk (92)

The leakage inductances in series with the switches S5 and S6 store energy
during the time interval which the switches are turned on. Then, when these are turned
off, the energy soted in the inductance demagnetize over the MOSFET parasitic capac-
itances, causing a high breakdown voltage across the switches.

Thus, to analyze the steps of operation of this circuit it is necessary to include a
circuit to provide an alternative path for the energy stored in the leakage inductance.

In order to perform voltage limitation, a passive voltage clamping technique can
be used to transfer the accumulated energy in the leakage inductance to clamping
capacitors (Cg1 and Cg2) through clamping diodes (Dg1 and Dg2), dissipating the energy
in the clamping resistors (Rg1 and Rg2). This technique, which prevents high voltage
across the switches is represented in Figure 61.

However, this type of clamping circuit decreases the efficiency of the converter,
since all the energy accumulated in the leakage inductance are dissipated as heat in
the clamping resistors. Thus, one of the objectives of this chapter is to study another
technique to improve the efficiency of the converter.

So, a more efficient voltage clamper circuit should be studied. Therefore, a
possible solution would be the implementation of an active or regenerative voltage
clamper.
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Figure 61 – Unidirectional isolated DC-DC current-fed push-pull converter with leakage
inductance and passive voltage clamper

Source: Own elaboration

4.3 UNIDIRECTIONAL ISOLATED DC-DC CURRENT-FED PUSH-PULL CON-
VERTER WITH LEAKAGE INDUCTANCE AND PARTIALLY REGENERATIVE
VOLTAGE CLAMPER

The circuit in Figure 62 illustrates the current-fed Push-Pull converter with the
partially regenerative voltage clamper. This topology is similar to the that presented in
previous section. The energy accumulated in the leakage inductance is transferred to
the clamping capacitor (Cg) through the clamping diodes (Dg1 and Dg2).

Figure 62 – Unidirectional isolated DC-DC current-fed push-pull converter with leakage
inductance and partially regenerative voltage clamper

Source: Own elaboration
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However, the energy in the clamping capacitor is partially regenerated to the
source and partially dissipated in the clamping resistor (Rg), because the resistance is
connected to the source input and not the ground.

4.3.1 Continuous Conduction Mode

4.3.1.1 Circuit operation

The converter with leakage inductance presents eight topological states when
operating in CCM, but half of them are symmetrical for one commutation period. There-
fore, only four states will be presented:

Time interval ∆t1 - In this topological state the inductor (L) is being magnetized
by the voltage source (Vbat). At this state, the switches S5 and S6 are turned on. So, the
currents that flow through the two winding have the same value and opposite directions.
Thus, the magnetic flux nulls the voltage in the secondary side of the transformer. The
first operation step is presented in Figure 63.

Figure 63 – First topological state of the DC-DC current-fed push-pull converter with
leakage inductance and partially regenerative voltage clamper - CCM op-
eration

Source: Own elaboration

Time interval ∆t2 - At t1, the switch S6 is gated off, so the energy that has
been stored in the leakage inductance (Ld2) is transferred to he clamping capacitor (Cg)
through the diode Dg2. This energy is partially transferred to the voltage source and
partly dissipated in the clamping resistor (Rg). Furthermore, the energy stored in the
inductor L is transferred to the load by the diodes D2 and D3. The second operation
step is presented in Figure 64.

Time interval ∆t3 - When the energy stored in Ld2 is null, the diode Dg2 stops
the current flow through the clamping circuit. The energy in the inductor L continues to
be transferred to the load and it drops steadily until the next step. Furthermore, there
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Figure 64 – Second topological state of the DC-DC current-fed push-pull converter
with leakage inductance and partially regenerative voltage clamper - CCM
operation

Source: Own elaboration

is a voltage across the clamping capacitor. So, the current that flows through clamping
resistor is regenerated to the voltage source. The third operation step is presented in
Figure 65.

Figure 65 – Third topological state of the DC-DC current-fed push-pull converter with
leakage inductance and partially regenerative voltage clamper - CCM op-
eration

Source: Own elaboration

Time interval ∆t4 - At t3, the switch S6 is turned on. While its current increases,
the current in S5 decreases linearly. The current in the inductance and the clamping
circuit is transferred to the load through diodes D2 and D3 until the currents in the
switches are equalized. The fourth operation step is presented in Figure 66.



Chapter 4. Study of the Current-Fed Push-Pull Stage 95

Figure 66 – Fourth topological state of the DC-DC current-fed push-pull converter with
leakage inductance and partially regenerative voltage clamper - CCM op-
eration

Source: Own elaboration

4.3.1.2 Waveforms

With the topological states, it is possible to represent the circuit operation of the
unidirectional isolated DC-DC current-fed push-pull converter with leakage inductance
and the partially regenerative voltage clamper operating in continuous conduction mode.
The waveforms are shown in Figure 67.

4.3.1.3 Output Characteristics

The output characteristics of the non-ideal converter with a regenerative voltage
clamper circuit is more complex, so it should be presented carefully. A mathematical
analysis has to be performed in the topological states in order to obtain a operation
point and validate the model.

Thus, the output voltage reflected to the primary side (or push-pull side) and the
average current in the inductor without the clamping circuit are presented in equations
93 and 94.

Vop =
Vbat

1− d
(93)

ILmd =
Io

α(1− d)
(94)

Also, the time steps of each topological state should be calculated.

∆t1 + ∆t4 =
dTS

2
(95)
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Figure 67 – Main waveforms of the DC-DC current-fed push-pull converter with leakage
inductance and partially regenerative voltage clamper - CCM operation

Source: Own elaboration

∆t2 + ∆t3 =
(1− d)TS

2
(96)

The voltage across the leakage inductance is represented in equation 97.

VLd = Ld
∆ILd
∆t

(97)

At t2 the leakage inductance has the following voltage, which VG is the clamping
capacitor voltage:

VLd =
VG
2
− Vop (98)
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And at t4 the leakage inductance has the following voltage:

VLd = Vop (99)

If 98 and 99 be replaced into 97, it gives equations 100 and 101 respectively.

VG
2
− Vop = Ld

∆ILmd
2∆t2

(100)

Vop = Ld
∆ILmd
2∆t4

(101)

Finally, if the times be isolated in equations 100 and 101 and then replaced into
equations 95 and 96, the following equations are found:

∆t1 =
d

2f
− IoLd

2Vbatα
(102)

∆t2 =
IoLd

2α(1− d)
(
VG
2
− Vbat

1−d

) (103)

∆t3 =
(1− d)

2f
− IoLd

2α(1− d)
(
VG
2
− Vbat

1−d

) (104)

∆t4 =
IoLd

2Vbatα
(105)

It can be noticed in the defined time intervals that they depend on the leakage
inductance (Ld) and the clamping voltage (VG), besides other variables. Therefore, it is
fundamental to find a expression for the clamping voltage.

To find this voltage is possible to analyze the average current in the clamping
resistor (Rg), which is the sum of the currents in the clamping diodes or a integrate of
half cycle.

IRG =
1

TS

∆t2∫
0

ILmd
2

dt (106)

By solving the equation 106, 107 is found.

IRG =
fILmd∆t2

2
(107)

If 94 and 103 be replaced into 107, it gives:

IRG =
fLd(

VG
2
− Vbat

1−d

) · ( Io
2α(1− d)

)2

(108)
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The voltage across the clamping capacitor can be found with electrical circuit
analysis.

VG = RgIRG + Vbat (109)

By replacing 108 into 109, it leads to:

VG =
RgfLd(
VG
2
− Vbat

1−d

) · ( Io
2α(1− d)

)2

+ Vbat (110)

With some algebraic manipulations, it is possible to isolated the clamping voltage.

VG = Vbat

α(3− d) + Io

√
2LdRgf

V 2
bat

+ α2(1+d)2

I2o

2α(1− d)

 (111)

Now, it is indispensable to find the average inductance current considering the
clamping circuit, in order to obtain the static gain.

First of all, the average current in the output diodes are:

IDmd =
Io
2

(112)

IDmd =
αILmd
TS

[
∆t3 +

(
∆t2 + ∆t4

2

)]
(113)

By replacing 112 into 113, it leads to:

ILmd =
Io

α [1− d+ f (∆t4 −∆t2)]
(114)

Now, replacing equations 103 and 105 in 114, 115 is found.

ILmd =
Io

α

[
IoLdf
2Vbatα

− IoLdf

2α(1−d)
(
VG
2

−Vbat
1−d

) + 1− d
] (115)

Finally, by substituting 111 in 115, it is possible to find a expression for the
average current in the inductor.

ILmd =
Io

α

 IoLdf
2Vbatα

+ IoLdf

2αVbat

1+
α(3−d)−Io

√
2LdRgf

Vbat
2 +

α2(1+d)2

Io2

4α


+ 1− d



(116)
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Therefore, it is possible to find the static gain of the converter using the power
balance. The power of the batteries (Pbat) is equals to the power of the load (Pout) and
the power loss in the clamping resistor and other elements (PG).

Pbat = Pout + PG (117)

Furthermore, each power can also be calculated as:

Pbat = Vbat(ILmd − IRG) (118)

Pout = VFBIo (119)

PG =
(VG − Vbat)2

Rg

(120)

So, by replacing 118, 119 and 120 in 117 gives:

Vbat(ILmd − IRG) = VFBIo +
(VG − Vbat)2

Rg

(121)

Finally, the static gain is defined as:

VFB
Vbat

=
(ILmd − IRG)

Io
− (VG − Vbat)2

VbatRgIo
(122)

Therefore, the static gain (q) in function of the project parameters can be found
by replacing equations 111 and 116 into 122. Also, the term Vbat must be isolated. Then,
the static gain found is:

q =
VFB
Vbat

= a− b− c (123)

Which a, b and c are defined by equations 124, 125 and 126, respectively.

a =
1

α− αd+

IoLdf

 α

2α−
Io

√
2LdRgf

Vbat
2 +

α2(1+d)2

Io2

2 +
α(d−3)

2

+ 1
2


Vbat



(124)

b =
IoLdf

4α2(d− 1)Vbat

1 +
α(d−3)−Io

√
2LdRgf

Vbat
2 +

α2(1+d)2

Io2

4α

 (125)
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c =
Vbat
IoRg

1−
α(3− d)− Io

√
2LdRgf

Vbat
2 + α2(1+d)2

Io2

2α(d− 1)

2

(126)

Moreover, it is possible to calculate the ideal static gain of the push-pull by
considering the leakage inductance equals to zero. Thus, equation 123 is simplified into
equation 127.

qideal =
1

α(1− d)
−
Vbat(1− 2

1−d)

IoRg

(127)

4.3.1.4 Parameterization

First of all, some variables must be defined to interpolate the curves around an
operation point. Therefore, the following variables are defined as shown in table 2

Table 2 – Parameterization Variables

Variable Value
Leakage inductance referred to the Push-Pull Stage (Ld) 1.108 µH

Battery Voltage (Vbat) 48 V
Tranformer turns ratio (α) 0.185
Switching frequency (f ) 40 kHz

Duty Cylcle (d) 0.352
Clamping resistance (Rg) 320 Ω

Push-Pull Stage inductance (L) 43.2 µH

Source: Own elaboration

Now it is possible to parameterize the static gain in order to have a dimensionless
variable. Note that the duty cycle and clampling resistance values will not be used when
the charts represent duty cycle variation and clamping resistance variation, respectively.

So, the parameterized resistance (γ) and the parameterized output current (Iop)
are defined.

γ =
Rg

fLd
(128)

Iop =
IofLd
Vbat

(129)

If 128 and 129 be replaced in 124, 125 and 126, the parameterized static gain is
found, as shown is equations 130, 131, 132 and 133,

q(α, d, γ, Iop) =
VFB
Vbat

= a− b− c (130)
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Which:

a =
1

α

(
1− d+ Iop

(
1

2α−

√
α2(1+d)2+2Iop2γ

2
+
α(d−3)

2

+ 1
2α

)) (131)

b =
Iop

4α2(d− 1)

(
1 +

α(d−3)−
√
α2(1+d)2+2Iop2γ

4α

) (132)

c =
1

Iopγ

1−
α(3− d)−

√
α2(1 + d)2 + 2Iop

2γ

2α(d− 1)

2

(133)

By replacing the equations a, b and c in equation 130, it is possible to represent
the static gain as a function of the parameterized current for different duty cycles, as
illustrated in Figure 68.

Figure 68 – Static gain of the push-pull stage with a regenerative voltage clamper for
duty cycle variation as a function of the parameterized current

Source: Own elaboration

It is possible to analyze that the static gain is linear for a duty cycle variation. So,
the static gain decreases when the current increases. Also, the greater the duty cycle,
the greater the static gain.
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Furthermore, equation 127 is parameterized. So, equation 134 is found, which
represents the ideal push-pull stage parameterized static gain considering the voltage
clamper.

qideal(α, d, γ, Iop) =
1

α(1− d)
−

1− 2
(1−d)

γIop
(134)

If the clampling resistance is not considered, γ is zero. So, it can be inferred from
equation 134 that the static gain of the ideal push-pull stage is equal to the static gain
of the classic boost converter considering the transformer turns ratio.

qboost(α, d) =
1

α(1− d)
(135)

Even though, the parameterized static gain of the boost converter is not changing
for a parameterized current variation, the chart 69 illustrates this static gain with the
push-pull stage static gain in order to prove its resemblance.

Figure 69 – Static gain of the push-pull stage with a regenerative voltage clamper and
ideal boost converter as function of the parameterized current

Source: Own elaboration

Moreover, it is possible to analyze the different static gains for clamping resis-
tance variation, keeping the same duty cycle. The chart is presented in Figure 70.
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Figure 70 – Static gain of the push-pull stage with a regenerative voltage clamper for
resistance variation as a function of the parameterized current

Source: Own elaboration

It can be noticed that by increasing the clamping resistance, the static gain
decreases for a low parameterized current. However, for a high parameterized current
the static gain does not change considerably, even for different clamping resistances.

In addition, the clamping voltage can be parameterized. Then, by replacing
equations 128 and 129 in 111 and dividing by the battery voltage, the expression 136
becomes dimensionless.

VGnorm(α, d, γ, Iop) =
VG
Vbat

=

α(3− d) +
√
α2(1 + d)2 + 2Iop

2γ

2α(1− d)

 (136)

Furthermore, the parameterized clamping voltage for different duty cycles can
be ploted as a function of the parameterized output current, as shown in Figure 71.

The greater the duty cycle and the current, the greater the clamping voltage.
Furthermore, as it was done for the static gain, a chart of the clamping voltage for

different clamping resistances operating with a fix duty cycle can be ploted, as shown
in Figure 72.

Then, the greater the clamping resistance, the greater the clamping voltage.
Note that this chart considered a maximum clamping resistance of 100 Ω because a
high resistance would change the graphic scales. So, it could be difficult to understand
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Figure 71 – Clamping voltage for different duty cycles as a function of the parameterized
current

Source: Own elaboration

the actual variation.

4.3.1.5 Voltage clamper circuit

The criteria of voltage ripple can be used to size the clamping capacitor, so it
gives:

CG =
VG − Vbat
2fRg∆VG

(137)

Which ∆VG is defined by the converter designer.
Finally, the clamper sizing can be done by isolating the resistance (Rg) in the

equation 111.

Rg =
2α(VG − Vbat)(d− 1)(2Vbat − VG + VGd)

Io
2Ldf

(138)

Therefore, it is possible to calculate a clamping resistance needed to keep the
design voltage across the Push-Pull Stage switches.
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Figure 72 – Clamping voltage for different clamping resistances as a function of the
parameterized current

Source: Own elaboration

Furthermore, the power dissipated in the clamping voltage circuit depends on its
clamping resistance value, and it can be calculated through equation 139.

PG :=

V 2
bat

1−

[
α·(d−3)−Io·

√
α2·(d+1)2

I2o
+

2·Ld·Rg ·f
V 2
bat

2·α·(d−1)

2

Rg

(139)

Thus, the greater the clamping resistance, the smaller the power lost in the
clamping circuit. So, increase the clamping resistance has an advantage.

4.3.2 Discontinuous Conduction Mode

4.3.2.1 Circuit operation

Although the converter should not operate in DCM, it is mandatory to study this
operation in order to find a critical condition to operate in CCM. Therefore, the same
methodology used in the CCM operation will be used.

Also, there are eight topological states, but half are symmetrical in one switching
period. So, only four steps will be needed to understand the converter operation.

Time interval ∆t1 - The switch S6 is conducting and the current in the inductor
is null since the previous step. At t0, the switch S5 is gated on, then the inductor is
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magnetized with a linear current. The first topological state is presented in Figure 73.

Figure 73 – First topological state of the DC-DC current-fed push-pull converter with
leakage inductance and partially regenerative voltage clamper - DCM op-
eration

Source: Own elaboration

Time interval ∆t2 - At t1, the switch S6 is turned off. Thus, the energy stored in
the leakage inductance (Ld2) is transferred to the clamping capacitor through clamping
diode Dg2. Hence, the energy stored in the inductor (L) is transferred to the load through
the polarization of diodes D2 and D3. The second topological state is presented in
Figure 74.

Figure 74 – Second topological state of the DC-DC current-fed push-pull converter
with leakage inductance and partially regenerative voltage clamper - DCM
operation

Source: Own elaboration

Time interval ∆t3 - When the energy stored in the leakage inductance becomes
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zero, the clamping diode stops to conduct current. Therefore, the power stored in the
clamping capacitor demagnetizes through the clamping resistance and goes to the load
together with the inductor current. The third topological state is presented in Figure 75.

Figure 75 – Third topological state of the DC-DC current-fed push-pull converter with
leakage inductance and partially regenerative voltage clamper - DCM op-
eration

Source: Own elaboration

Time interval ∆t4 - At t3, the inductor is completely demagnetized and then all
the diodes stop to conduct. So, in this topological state only the output capacitor transfer
power to the load. The fourth topological state is presented in Figure 76.

Figure 76 – Fourth topological state of the DC-DC current-fed push-pull converter with
leakage inductance and partially regenerative voltage clamper - DCM op-
eration

Source: Own elaboration
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4.3.2.2 Waveforms

From the topological states studied above, it is achievable to find the converter
mainly waveforms operating in the discontinuous conduction mode, and then do some
mathematical analysis. The waveforms are presented in Figure 77.

Figure 77 – Main waveforms of the DC-DC current-fed push-pull converter with leakage
inductance and partially regenerative voltage clamper - DCM operation

Source: Own elaboration
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4.3.2.3 Output Characteristics

First of all, in order to find the critical CCM point, some expressions can be
defined by analyzing Figure 77.

∆t1 =
dTS

2
(140)

∆t1 + ∆t2 + ∆t3 + ∆t4 =
TS
2

(141)

In addition, the average current in the output diodes are:

Io = 2IDmd (142)

IDmd =
αILmax(∆t2 + ∆t3)

2TS
(143)

Note that in this first analysis the current of the clamping resistor is not consid-
ered, in order to understand the circuit operation and after that add some complexity.

The time intervals the store energy in the inductor is ∆T1, so its current expres-
sion can be written as:

ILmax =
Vbat∆t1
L

(144)

Then, by replacing 140 in 144 leads to:

ILmax =
VbatdTS

2L
(145)

At the time intervals ∆T2 and ∆T3, the inductor is transferring energy and then
its current becomes zero in the end of the period, so the following expression can be
written:

ILmax −
(αVFB − Vbat)(∆t2 + ∆t3)

L
= 0 (146)

If 145 be replaced in 146, it leads to:

VbatdTS
2L

=
(αVFB − Vbat)(∆t2 + ∆t3)

L
(147)

Isolating the term (∆t2 + ∆t3) in the equation 147 gives:

(∆t2 + ∆t3) =
VbatdTS

2(αVFB − Vbat)
(148)

If 144 be replaced in 143, it leads to:

IDmd =
αVbat∆t1(∆t2 + ∆t3)

2Lf
(149)
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By substituting 149 in 142, gives:

Io =
αVbat∆t1(∆t2 + ∆t3)

Lf
(150)

Finally, if 140 and 148 be replaced in 150, gives:

Io =
αVbat

2d2

4Lf(αVFB − Vbat)
(151)

It is possible to realize that the voltage output depends on the load current,
different from the CCM operation.

Therefore, in order to find the critical CCM operation point, the analysis consider
that the inductor current becomes zero in a half cycle, so ∆t4 is zero.

∆t4 =
TS
2
−∆t1 − (∆t2 + ∆t3) (152)

Thus, if 140 and 148 be replaced in 152, leads to:

∆t4 =
TS
2
− dTS

2
− VbatdTS

2(αVFB − Vbat)
(153)

With some algebraic manipulations, the equation 154 is found.

∆t4 =
(1− d)αVFB − Vbat

2f(αVFB − Vbat)
(154)

The average current in the inductor is:

ILmd =
VbatdTS

2L
(155)

From the state that the energy is transferred to the load, it is possible to obtain:

ILmax =
(αVFB − Vbat)(1− d)

2fL
(156)

Finally the critical inductance current can be defined by replacing the ideal static
gain 63 in 155.

ILcrit =
αVFBd(1− d)

2fL
(157)

The calculus of the output critical current should consider the influence of the
clamping resistor current, so:

IRG =
fILmax∆t2

2
(158)

The time interval that the clamping diode conducts is equals to:

∆t2 =
Ld(

VG
2
− αVFB

)ILmd (159)
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Then, by changing 159 in 158 leads to:

IRG =
fILmaxLdILmd
(VG − 2αVFB)

(160)

After that, it is mandatory to find the clamping voltage, so:

VG − IRGRg − Vbat = 0 (161)

Then, if 160 be replaced into 161, leads to:

VG =
(Vbat + 2αVFB) +

√
(Vbat − 2αVFB)2 +

LdRgαVFBV
2
batd

3

4fL2(αVFB−Vbat)

2
(162)

Finally, the current in the clamping resistor can be found by substituting 162 in
161.

IRG =
(Vbat + 2αVFB) +

√
(VFB − 2αVFB)2 +

LdRgαVFBV
2
batd

3

4fL2(αVFB−Vbat)
− 2Vbat

2Rg

(163)

Now, by replacing 154 and 148 in 149 gives:

IDmd =
αd2V 2

bat

4fL(αVFB − Vbat)
− 2αIRG (164)

In addition, the static gain for DCM can also be found with equation 122. So, by
substituting 155,162 and 163 in 122, it gives:

qdcm = a+ b+ c (165)

which:

a =
αVbatVFBd

2

4LfIo(αVFB − Vbat)
(166)

b = −

√
(Vbat − 2αVFB)2 − LdRgαVFBV

2
ind

3

4L2f(Vbat−αVFB)
+ 2αVFB − Vbat

2RgIo
(167)

c = − 1

IoRgVbat


√

(Vbat − 2αVFB)2 − LdRgαVFBV
2
ind

3

4L2f(Vbat−αVFB)
+ 2αVFB − Vbat

2

2

(168)

It is possible to analyze through this equation that the static gain of the DCM
operation depends on the load. Also, the equation 165 is complex because there are
output voltage in both sides of the equation.

Furthermore, the study of the critical inductance and output current is necessary.
So, the following equations shows how to operate the converter in CCM.
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Then, if it is considered a constant output voltage, the critical CCM current can
be found by substituting equation 164 in 142.

Iocrit =
αd2V 2

bat

4fL(αVFB − Vbat)
− 2αIRG (169)

Finally, if the equation 163 be replaced in 169, it leads to:

Iocrit = a− b (170)

Which a and b are defined as:

a =
αd2V 2

bat

4fL(αVFB − Vbat)
(171)

b = α
2αVFB − Vbat +

√
(Vbat − 2αVFB)2 +

LdRgαVFBV
2
batd

3

4fL2(αVFB−Vbat)

Rg

(172)

In addition, it is important to find the critical inductance to a CCM operation. A
good approach for the average inductor current for this case is:

ILavg =
Io

α(1− d)
(173)

Finally, if the equation 155 be replaced into 173, 174 is found, which represents
the critical inductance for a CCM operation.

Lcrit =
αVbatd(1− d)

2fIo
(174)

4.3.2.4 Parameterization

First of all, equation 165 is too complex to be parameterized. Therefore, the
DCM static gain will be simplified to be parameterized. So, if the leakage inductance
and clamping resistance are zero, the following DCM static gain is found:

qdcm =
Vbatd

2

4fLIo
+

1

α
(175)

Note that equation 175 is similar to the DCM boost converter static gain, as
presented in (MARTINS; BARBI, 2006).

However, the static gain cannot be parameterized yet because it considers the
push-pull inductance instead of the leakage inductance. Therefore, with the variables
defined in table 2, the push-pull inductance can be substituted by the leakage induc-
tance using the following approximation shown in equation 176.

L = 40Ld (176)
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Then, this simplified static gain can be parameterized with the same parameters
used in the CCM operation, as presented in equation 177.

qdcm(α, γ, d, Iop) =
d2

160Iop
+

1

α
(177)

Finally, the chart in Figure 78 represents the static gain parameterized for the
DCM and CCM operation for different duty cycle as a function of the parameterized
current.

Figure 78 – Static gain of the Push-Pull Stage with a partially regenerative voltage
clamper for CCM and DCM operations

Source: Own elaboration

This chart was done by interpolation method using the software MathCad. The
DCM static gains are plotted until the parameterized current reachs the critical current.
Then, after that the CCM static gains are plotted to trace the DCM and CCM limits.

4.4 UNIDIRECTIONAL ISOLATED DC-DC CURRENT-FED PUSH-PULL CON-
VERTER WITH LEAKAGE INDUCTANCE AND ACTIVE VOLTAGE CLAMPER

There are some active voltage clampers that can be applied in the current-
fed push-pull converter. However, to verify new possibilities of voltage clampers for
the push-pull converter, this Dissertation Thesis proposes to modify the circuit of the
regenerative voltage clamper by introducing a commutation cell on it. The commutation
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cell, represented in Figure 79, can be used to create a static converter the performs
like a snubber circuit.

Figure 79 – Commutation Cell

Source: Own elaboration

Furthermore, it is possible to substitute the clamping resistance of the regener-
ative circuit for an inductor, and add a virtual resistance. Then, the circuit becomes a
Current-fed Buck Converter, as shown in Figure 80.

Figure 80 – Unidirectional isolated DC-DC current-fed push-pull stage with leakage
inductance and the buck converter

Source: Own elaboration

All the buck analysis can be applied to size this active snubber. Also, all the
analysis made for the regenerative voltage clamper is validated for the unidirectional
Isolated DC-DC Current-fed Push-Pull Converter with the Buck Converter operating as
a voltage clamper. Thus, the output characteristics will not be necessary again, as they
remain the same.

Besides, the circuit operation and waveforms of the Push-Pull stage applying the
Buck Converter as a snubber are equal to its regenerative snubber version. Therefore,
it will not be described again because the complete operation will be shown in the
Isolated Bidirectional DC-DC Converter Based on the Integration of the Full-Bridge and
the Current-Fed Push-Pull Converters.
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5 STUDY OF THE ISOLATED BIDIRECTIONAL DC-DC CONVERTER

The DC-DC Full Bridge ZVS-PWM Stage studied in chapter 3 and the Current-
Fed Push-Pull Stage studied in chapter 4 are connected to perform a Bidirectional
Converter. In fact, the connection of both stages is equal to replace the diodes for
switches on the unidirectional converters and apply a modulation technique for all
MOSFETs. There must be an appropriate modulation to transfer power from one source
to another, regardless the current’s direction.

Then, the Isolated Bidirectional DC-DC Converter based on the integration of
the DC-DC Full-Bridge ZVS-PWM and current-fed Push-Pull converters is presented in
Figure 81.

Figure 81 – Isolated Bidirectional DC-DC Converter clamped with a buck converter

Source: Own elaboration

It can be noticed the buck converter acting as a voltage clamper. The Bidirec-
tional Converter requires a voltage clamping circuit connected to switches S5 and S6

in order to limit the voltage that they must support, as studied in chapter 4, because
in some operation steps the energy stored on the leakage inductance of the trans-
former and the anti-parallel diodes of the push-pull switches are discharged at the
same switches, which increases dramatically its voltage.

To reduce losses in the clamping circuit, a transformer with a small leakage
inductance is required so that it does not accumulate much energy, but that same
inductance has a fundamental role in the soft commutation.

Furthermore, as the converter is bidirectional, it has two power flow directions,
positive and negative. The positive direction refers to the power transfer from source
VFB to Vbat and the negative refers to the opposite power flow.

Besides, the output characteristics obtained for the unidirectional converters in
the previous chapters remains the same for the bidirectional converter. Thus, this chap-
ter will focus in the circuit operation, waveforms and stresses of the Isolated Bidirectional
DC-DC Converter.
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5.1 GATE SIGNALS

First of all, in order to understand the operation steps of the converter, it is
necessary to visualize the gate signals of each switch. Thus, as can be seen in Figure
82, the signals of each leg are complementary and consequently the voltage Vab and
the power transferred to the battery is controlled by the lagging angle between the
command signals of legs (Φ) in the Full-Bridge Stage.

Figure 82 – Gate signals of the Isolated Bidirectional DC-DC Converter and Buck Con-
verter

Source: Own elaboration

This is the same modulation used in the unidirectional converters, so all the
analysis remain the same. Also, it is included a dead-time between the complementary
switches of each leg to verify soft switching.

Moreover, the modulation of the Current-Fed Push-Pull Stage is performed, so
switch S5 is gated off at the time the voltage Vab is negative and switch S6 is turned off
at the time the voltage Vab is positive so there will be no short-circuit at the output with
a voltage induced at the secondary side.

Also, all the switches are MOSFETs because of the frequency, current and
voltage range that the circuit operates, but mainly because of the lower conduction loss
in comparison with IGBT, since the converter operates in ZVS.

In addition, the calculation of the buck’s duty cycle is represented in equation
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178.

db =
Vbat
VCb

(178)

Therefore, buck’s operating frequency should be two times the bidirectional con-
verter frequency in order to have a symmetrical operation. This higher frequency de-
creases the inductor size and volume.

5.2 CIRCUIT OPERATION

The analysis of the circuit presented in Figure 23 applying the modulation of Fig-
ure 82 will be divided for the positive and negative power flow, as mentioned previously.

5.2.1 Positive power flow

In this analysis, the topological states are symmetric for half commutation pe-
riod. So, although there are fourteen topological states, only seven will be needed to
understand the circuit’s operation.

Time interval ∆t1 - At time t0, the switches S1, S3, S5 and S6 are turned on,
so the voltage across the transformer (Vab) is zero. However, the current tends to flow
through diode D1 because it has a lower resistance than the MOSFET. In addition,
the transformer secondary current continues to flow through switch S6 and the current
stored in the buck converter is discharged in the battery because of the previous step.
The topological state that represent this time interval is shown in Figure 83.

Figure 83 – First topological state for the positive operation of the Isolated Bidirectional
DC-DC Converter and Buck Converter

Source: Own elaboration

Time interval ∆t2 - This operation step represents the period which soft switch-
ing occurs. Therefore, when the switch S3 is switched off and S4 has not been switched
on yet, the current in the primary flows through the capacitors C3 and C4, charging and
discharging it, respectively. In addition, the secondary side is short-circuited, since the
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voltage in the primary is zero. The topological state that represent this time interval is
shown in Figure 84.

Figure 84 – Second topological state for the positive operation of the Isolated Bidirec-
tional DC-DC Converter and Buck Converter

Source: Own elaboration

Time interval ∆t3 - At time t2, switch S4 is gated on. Thus, as the current in the
leakage inductance is increasing linearly and negative, the current flows through the
diodes D1 and D4 until it reaches zero, when starts the next operation step. In addition,
due to the previous steps, the anti-parallel diode D6 of the switch S6 has an energy
stored, what it is called reverse recovery, and its current flows through the clamping
circuit because the diode Dg2 is forward biased. Furthermore, this energy charges
the buck capacitor and inductor. Then, the equivalent circuit of the buck operation is
a current source in parallel with buck’s capacitor and the commutation cell. Also, the
output of this equivalent circuit is the battery voltage.The topological state that represent
this time interval is shown in Figure 85.

Figure 85 – Third topological state for the positive operation of the Isolated Bidirectional
DC-DC Converter and Buck Converter

Source: Own elaboration
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Time interval ∆t4 - When the current in the leakage inductance is zero, it starts
to grow linearly until it reaches the nominal value. In this step, the voltage at the trans-
former primary side is still zero. That step represents a loss of duty cycle, because
the secondary is short-circuited. In addition, the current flows through the switches
S1 and S4 because the current in the leakage inductance has changed direction. The
topological state that represent this time interval is shown in Figure 86.

Figure 86 – Fourth topological state for the positive operation of the Isolated Bidirec-
tional DC-DC Converter and Buck Converter

Source: Own elaboration

Time interval ∆t5 - At time t4, the current in the leakage inductance reaches its
nominal value, so the voltage across the terminals of the primary of the transformer is
not zero anymore, so the power is transferred through the switch S5. As the energy from
the reverse recovery ends and the buck switch is still turned on, the energy stored in the
buck capacitor keep discharging into the battery through the inductor. The topological
state that represent this time interval is shown in Figure 87.

Figure 87 – Fifth topological state for the positive operation of the Isolated Bidirectional
DC-DC Converter and Buck Converter

Source: Own elaboration
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Time interval ∆t6 - This time interval is similar to the previous one, the difference
is that the buck converter is gated off, so only its inductor provides energy to the battery.
The topological state that represent this time interval is shown in Figure 88.

Figure 88 – Sixth topological state for the positive operation of the Isolated Bidirectional
DC-DC Converter and Buck Converter

Source: Own elaboration

Time interval ∆t7 - At t6, there is a dead-time between switches S1 and S2. So,
when S1 turns off and S2 has not been turned on yet, the voltage across the transformer
primary side is zero, so the output short-circuited. In addition, the current stored in the
leakage inductance flows through the capacitors C1 and C2, charging and discharging,
respectively. Furthermore, to achieve soft commutation, the capacitors need to be
charged and discharged in a period of time shorter than the dead-time imposed on the
switches, as studied before. Also, as the buck switch is turned off, the buck inductor keep
providing energy to the battery.The topological state that represent this time interval is
shown in Figure 89.

Figure 89 – Seventh topological state for the positive operation of the Isolated Bidirec-
tional DC-DC Converter and Buck Converter

Source: Own elaboration



Chapter 5. Study of the Isolated Bidirectional DC-DC Converter 121

5.2.1.1 Waveforms

The time intervals and main waveforms of the converter operating with a positive
power flow is presented in Figure 90, to clarify its operation.

Figure 90 – Waveforms for the positive operation of the Isolated Bidirectional DC-DC
Converter and Buck Converter

Source: Own elaboration

Although the voltage stresses are not represented in Figure 90, their maximum
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values will be presented separately further in this chapter.

5.2.2 Negative power flow

The converter with power flow has also fourteen topological states, but half of
those are complementary. So, only seven time intervals will be needed to understand it.

Time interval ∆t1 - In the first stage of operation, the switches S5 and S6 are
gated on. Thus, there is zero voltage across Vab. As the switches S1 and S3 are turned on,
a current stored in the leakage inductance due to the previous step circulates through
those switches and in the push-pull side this current start to change its trajectory from
switch S6 to S5 in a linear way because it is short-circuited. The topological state that
represent this time interval is shown in Figure 91.

Figure 91 – First topological state for the negative operation of the Isolated Bidirectional
DC-DC Converter and Buck Converter

Source: Own elaboration

Time interval ∆t2 - At time t2, switch S3 is gated off while S4 has not been trig-
gered on yet. But, there is an intrinsic diode in anti-parallel with the switch S3. Therefore,
the current flows through this diode, keeping the operation step equals to the previous
step. So, as the current does not flow through capacitors C3 and C4, in this power flow
the full-bridge does not have soft commutation. The topological state that represent this
time interval is shown in Figure 92.

Time interval ∆t3 - At time t3, switch S4 is turned on and S6 is turned off. Thus,
there is a positive voltage across Vab and the current flows through the switches D1 and
D4. The reverse recovery current of the diode D6 and the leakage current of transformer
is transferred to the buck capacitor and the battery through the polarization of diode Dg2.
In addition, the current in the full-bridge switches has this direction because there is an
energy stored in the leakage inductance that imposes this condition. The topological
state that represent this time interval is shown in Figure 93.

Time interval ∆t4 - In the fourth step of operation, the buck converter continues
to transfer energy to the battery and all the power flows through the switch S5. In this



Chapter 5. Study of the Isolated Bidirectional DC-DC Converter 123

Figure 92 – Second topological state for the negative operation of the Isolated Bidirec-
tional DC-DC Converter and Buck Converter

Source: Own elaboration

Figure 93 – Third topological state for the negative operation of the Isolated Bidirec-
tional DC-DC Converter and Buck Converter

Source: Own elaboration

step the current that flows through the leakage inductor is negative, so it flows through
the switches’ anti-parallel diodes as it has changed its direction. The topological state
that represent this time interval is shown in Figure 94.

Time interval ∆t5 - At time t4, the current in the leakage inductor has been
completely discharged, then the buck capacitor discharges in the battery keeping the
voltage across the push-pull switches clamped. Meanwhile, the push-pull converter
remains the same as the previous step. The topological state that represent this time
interval is shown in Figure 95.

Time interval ∆t6 - This time interval is similar to the previous one, the only
difference is that the buck converter is gated off, so its capacitor does not provide
energy to the battery anymore. The topological state that represent this time interval is
shown in Figure 96.

Time interval ∆t7 - At time t6, switch S1 turns off while S2 has not been triggered
on yet. In the full-bridge converter the current keeps flowing through D1 and D4. In the
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Figure 94 – Fourth topological state for the negative operation of the Isolated Bidirec-
tional DC-DC Converter and Buck Converter

Source: Own elaboration

Figure 95 – Fifth topological state for the negative operation of the Isolated Bidirectional
DC-DC Converter and Buck Converter

Source: Own elaboration

Figure 96 – Sixth topological state for the negative operation of the Isolated Bidirec-
tional DC-DC Converter and Buck Converter

Source: Own elaboration
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push-pull the currents on switches S5 and the buck converter remains equals to the
previous step. The topological state that represent this time interval is shown in Figure
97.

Figure 97 – Seventh topological state for the negative operation of the Isolated Bidirec-
tional DC-DC Converter and Buck Converter

Source: Own elaboration

5.2.2.1 Waveforms

The time intervals of the circuit operating with a negative direction is presented
in Figure 98. This Figure also shows the main waveforms to clarify the converter’s
operation.

It is possible to analyze that the converter operating in the negative power flow
does not present soft commutation. The diode in anti-parallel with the MOSFETs of the
Full-Bridge side are direct polarized at the dead-time interval, which the capacitor of
these MOSFETs should be charging.

Then, as the converter operates with hard switching at the Full-Bridge side, it is
expected a lower efficiency for the converter operating in the negative power flow.

Although the voltage stresses are not represented in Figure 98, their maximum
values will be presented separately further in this chapter.

5.3 VOLTAGE STRESSES

Calculate the voltage stresses across the circuit’s components is fundamental to
size the prototype. Therefore, this section shows some equations that will be used in
the next chapters.

First of all, the voltage across the switches on the Full-Bridge Stage is equal to
the input voltage.

VSFB = VFB (179)
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Figure 98 – Waveforms for the negative operation of the Isolated Bidirectional DC-DC
Converter and Buck Converter

Source: Own elaboration
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The voltage across the switches on the Push-Pull Stage is equal to the voltage
of the buck capacitor.

VSPP = VCb (180)

Also, the voltage across the switch and diode of the buck converter and the
clamping diodes are equal to equation 180.

Furthermore, the maximum voltage across the primary and secondary side of
the transformer can be calculated as shown in equations 181 and 182.

VTP =
VCb
2α

(181)

VTS =
VCb
2

(182)

5.4 CURRENT STRESSES

The current stresses in the circuit’s components are other important parameter
to size the prototype, because it defines the thermal stresses of the components.

There are some average and RMS current values for each power flow direction.
However, those values are equal since the waveforms are mirrored for both power flow.
Therefore, only one equation will be established for each component.

First of all, the maximum current in the Full-Bridge Stage is defined in equation
183.

Ilk =
αPout
Vbat

(183)

However, the converter’s waveforms present more defined topological states, so
they will be redefined as follows:

∆t1 = (1−D)
Ts
2

(184)

While ∆t1 remains the same as calculated in chapter 3, ∆t2 and ∆t7 represents
now the dead-time between the switches gate signals, as follows:

∆t2 = ∆t7 = ∆td (185)

Also, ∆t3 and ∆t4 represent the time that Buck’s capacitor is being charged.

∆t3 = ∆t4 = (D −Def )
Ts
2
−∆td (186)

Furthermore, ∆t5 is found with equation 187.

∆t5 =
LbILb
2VCb

(187)
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In addition, ∆t6 is represented by equations 188.

∆t6 = Def
Ts
2
−∆t5 (188)

Finally, the time interval that leakage inductance demagnetize can be approxi-
mated as follows:

∆tlk =
IlkLlk
VFB

(189)

With these time equations the current stresses of the bidirectional converter can
be found. Therefore, the average current across the switches S1 and S2 located in the
full-bridge converter can be calculated as follows:

IS12_avg =
1

Ts

·
(
−
∫ ∆t1

0

Ilkdt +

∫ ∆t5+∆t6

0

Ilkdt

)
(190)

The average current across the switches S3 and S4 can be calculated as:

IS34_avg =
1

Ts

·
(∫ ∆t1

0

Ilkdt +

∫ ∆t5+∆t6

0

Ilkdt

)
(191)

The RMS current across the switches of the full-bridge is calculated by applying
the square root of the sum of the squared terms.

IS12−rms =

√
1

Ts

·
[∫ ∆t1

0

(Ilk)2 dt +

∫ ∆t5+∆t6

0

(Ilk)2 dt

]
(192)

IS34−rms =

√
1

Ts

·
[∫ ∆t1

0

(Ilk)2 dt +

∫ ∆t5+∆t6

0

(Ilk)2 dt

]
(193)

The average current in the push-pull switches is demonstrated in the equation
194.

ISPP_avg =
Ibat
2

(194)

The RMS current in the push-pull switches is demonstrated in the equation 195.

ISPP_rms = Ibat(1− d) (195)

The stresses in the buck components are based on the power that is transferred
through this clamper and the time step that it operates. Although these variables were
not defined yet, the current stresses will mention them as they will be defined further.

The average current across the buck switch is defined as:

ISb−avg =
1

Ts

[∫ dbTs

0

(ILb) dt

]
(196)
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In addition, the rms current in the same switch can be defined as:

ISb−rms =

√
1

Ts

·
[∫ dbTs

0

(ILb)2 dt (197)

The average current across the buck diode is defined as:

IDb−avg =
1

Ts

[∫ (1−db)·Ts

0

(ILb) dt

]
(198)

In addition, the rms current in the same diode can be defined as:

IDb−rms =

√√√√ 1

Ts

·

[∫ (1−db)·Ts

0

(ILb)2 dt

 (199)

Moreover, the current stresses in the clamping diode must be calculated. First,
the maximum current have to be calculated. However, the time interval that the current
goes from zero to its maximum value is not represented in the converter’s waveform
because it is not another topological state, so this interval will be defined as follows:

∆tg =
2αDefIlkLlk

VCb

(200)

With the time necessary to the current reaches its maximum value, it is possible
to calculate the maximum current that flows through the clamping diode as:

IDg =
VCb∆tg

2LIkα2
(201)

So, the average and RMS current on these components are shown in equations
202 and and 203, respectively.

IDg−avg =
1

Ts

·
∫ (∆t3+∆t4)

0

IDg

2
dt (202)

IDg−rms =

√
1

Ts

·
∫ ∆t3+∆t4

0

(
IDg

2

)2

dt (203)

The rms current across the buck’s capacitor is calculated using the rms current
across the clamping diodes.

ICb_rms = 2IDg_rms (204)

Moreover, it is necessary to calculate the average and rms current in the mag-
netic components to size it.
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The push-pull inductor has the same rms current of the batteries, since they are
in series.

ILrms = Ibat (205)

The buck inductor has the current proportional to its power.

ILbrms =
Pbuck
Vbat

(206)

Finally, the rms current in the primary and secondary side of the transformer are
illustrated in equations 207 and 208.

ITP_rms = Ilk (207)

ITS_rms = ISPP_rms = Ibat(1− d) (208)

Note that the maximum current in the inductors can be estimated by adding half
of the designed ripple current to the equations above. For instance, the equation 209
illustrates the maximum current that flows through the push-pull inductor.

ILmax = ILrms +
∆IL

2
(209)

Therefore, with the current stresses, the Isolated Bidirectional DC-DC Converter
can be designed and applied in DC microgrid applications to convert the voltage from
the DC bus to the battery and vice-versa.

Furthermore, It can be inferred that the proposed bidirectional converter has
some advantages and disadvantages.

First of all, some advantages include the soft commutation in the Full-Bridge
Stage and the small power loss in the Push-Pull Stage due to the application of the
Buck Converter that regenerates energy back to the battery.

The main disadvantage is on the negative power flow, since the switches of the
Full-Bridge Stage do not achieved soft commutation because its parallel capacitors
does not charge and discharge during the dead-time interval. Certainly, there is more
power lost when the bidirectional converter is operating in the negative power flow than
in the positive power flow.
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6 CONVERTER CONTROL

First of all, a converter that charges and discharges batteries must have its
current controlled to keep the converter stabilized in an operation point. Therefore, it is
necessary a closed-loop control system to the variable follow a reference.

Furthermore, the converter transfer function that relates the current variation for
the converter’s duty cycle variation is necessary to project the controller.

Therefore, to impose an operation point to the converter its frequency domain
transfer function must be found through methods such as state space or small-signal
AC model as presented in (ERICKSON; MAKSIMOVIC, 2007).

There are two main variables that should be controlled, the clamping capacitor
voltage presented in the Appendix B and the current that charges or discharges the
battery. Also, the voltage control of the batteries will not be presented.

So, this chapter presents the control method for the Push-Pull inductor current.
The clamping capacitor voltage control mathematical analysis and transfer function are
presented in the Appendix section, since the open-loop operation should be sufficient to
maintain the clamped voltage under the Push-Pull Stage MOSFETs breakdown voltage
found on datasheet.

6.1 PUSH-PULL INDUCTOR CURRENT CONTROL

The push-pull inductor current is used to control the current that charges and
discharges the batteries as well as the power flux direction. To study this closed-loop
system, it is possible to disregard the clamping circuit influence as its currents is much
smaller and it can be applied in the current reference’s value.

Also, this methodology needs only one current sensor because the clamping
circuit is already controlled by using a voltage sensor.

Since the closed-loop systems are uncoupled, the following block diagram pre-
sented in Figure 99 can describe the closed-loop for the push-pull inductor current
control.

Figure 99 – Closed-loop control system of the push-pull inductor current

Source: Own elaboration
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Which the current reference ILref should be equals to the design batteries current
plus the clamping circuit current.

In addition, the output modulation signal resulted from the closed-loop control
system is used to gate on the converter’s MOSFETS, this signal is represented by ILmod
in Figure 100.

Figure 100 – Gate signals strategy

Source: Own elaboration

The gate signals strategy is done by using some monostable circuits, comparator
and logic AND gate. Furthermore, the buck’s gate signal is implemented separately.

In addition, to obtain the model of the converter and find its transfer function, it
is necessary to study the two topological states that changes the voltage across the
inductor (L), which discharges the clamping circuit.

6.1.1 Circuit Operation

The Current-Fed Push-Pull Stage operating in steady state is analyzed below.
Note, that this analysis consider some circuit simplifications. Therefore, it can be an-
alyzed with only two topological states. Since the converter was already studied in
previous chapter, the gate signals and detailed circuit operation will not be shown
again.
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Therefore, the Current-Fed Push-Pull Stage presents two different equivalent
circuits for its topological states, as described below:

Time interval ∆t1 - At the first step, the voltage across the transformer (Vab is
null because both switches of the Push-Pull are turned on. Then, the equivalent circuit
of Figure 101 represents the first topological state.

Figure 101 – First topological state of the Current-Fed Push-Pull Stage

Source: Own elaboration

Time interval ∆t2 - At the second step, the voltage in the transformer is not null,
then the voltage reflected to the Push-Pull Stage becomes 2αVFB, as shown in Figure
102.

Figure 102 – Second topological state of the Current-Fed Push-Pull Stage

Source: Own elaboration

6.1.2 Transfer Function

Each topological state has a different voltage across the inductor, as presented
below:

Vbat = −VL (210)

2αVFB = VL + Vbat (211)
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Thus, it is possible to calculate an expression for the voltage across the trans-
former disregarding the influence of the leakage inductance.

Vox =
0 (t1) + 2αVFB

(
TS
2
− t1

)
TS
2

(212)

Then, by simplifying the equation:

Vox = 2αVFB

(
1− 2t1

TS

)
(213)

To consider the influence of the leakage inductance of the transformer, it is
mandatory to add the time that the inductance current is transferred to the clamping
circuit in the first period.

t1 = td + tLlk (214)

Then, if 214 be replaced in 213 there is the voltage Vab instead of Vox.

Vab = 2αVFB

(
1− 2td

TS

)
− 2αVFB

(
2tLlk
TS

)
(215)

The first term of equation 215 is exactly Vox, so the equation can be simplified.

Vab = Vox − 2αVFB

(
2tLlk
TS

)
(216)

Then, an equivalent circuit that represents the converter can be found with equa-
tion 216, as shown in Figure 103.

Figure 103 – Current-Fed Push-Pull Stage equivalent circuit

Source: Own elaboration

A relation can be used to rewrite the voltage source as a resistance.

2αVFB

(
2tLlk
TS

)
= RLlkIL (217)
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Find the resistance RLlk requires an expression for time interval tLlk. This time
interval represents the period that the leakage inductance current is transferred to the
clamping capacitor. It is possible to calculate this time by using the formula of the
voltage across the leakage inductance (Ld).

VLlk = Ld
dIL
dt

(218)

The voltage across the leakage inductance referred to the Push-Pull Stagee is
equals to the DC Bus voltage multiplied by the transform turns ratio (α).

2αVFB = Ld
IL
tLlk

(219)

If time tLlk from equation 219 be isolated, gives:

tLlk =
LdIL

2αVFB
(220)

Finally, the resistance RLlk can be found by replacing equation 220 in 217.

RLlk = 2Ldf (221)

So, RLlk is a resistance that consumes reactive power and depends on the
leakage inductance and commutation frequency of the converter. Furthermore, it is
also known that this power will actuality be transferred back to the battery through the
clamping circuit.

The converter duty cycle can be written as:

1− 2td
TS

= d (222)

Therefore, if equations 220 and 222 be replaced in 215, leads to:

Vab = 2αVFBd− 2LdfIL (223)

Finally, it is possible to find a new equivalent circuit model, as presented in Figure
104.

Applying the Kirchhoff Voltage Law, it is achievable to get the following expres-
sion:

2αVFBd = Vbat + 2LdfIL + L
dIL
dt

(224)

It is desirable to acquire a transfer function that relates the current (IL) as a
function of the duty cycle (d). As a result, a perturbation needs to be done in the
desirable converter’s variable around its operation point.

d = d+ ∆̃d (225)
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Figure 104 – New Current-Fed Push-Pull Stage equivalent circuit

Source: Own elaboration

IL = IL + ∆̃IL (226)

Moreover, if the equations 225 and 226 be replaced in 224, it is found:

2αVFB(d+ ∆̃d) = Vbat + 2Ldf(IL + ∆̃IL) + L
d(IL + ∆̃IL)

dt
(227)

The DC terms can be disregard as the converter’s static gain was already found.

2αVFB∆̃d = 2Ldf∆̃IL + L
d∆̃IL
dt

(228)

In addition, the Laplace Transform can be performed in the equation 228.

2αVFBd(s) = 2LdfIL(s) + sLIL(s) (229)

Finally, the equation 229 allows to write an equivalent circuit that represents the
Small-Signal AC model, as shown in Figure 105.

Figure 105 – Small-signal AC model of the new Current-Fed Push-Pull Stage equivalent
circuit

Source: Own elaboration
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Furthermore, if some algebraic manipulations be done in equation 229, the
transfer function that represents the inductor current variation as a function of the duty
cycle variation is found, as presented in equation 230.

IL(s)

d(s)
=

2αVFB
sL+ 2Ldf

(230)

6.1.3 Transfer Function Validation

It is possible to validate the transfer function by applying the AC Sweep tool in
the converter circuit and in the transfer function adopting a simulation software.

Therefore, the amplitude and phase of both theoretical transfer function and the
switched model can be plotted in the same bode diagram.

In order to acquire the bode diagram, some variable must be defined as repre-
sented in table 3.

Table 3 – Specifications for the current transfer function validation of the Push-Pull
Stage

Specification Value
Rated power (Pout) 2000 W

DC bus voltage (VFB) 400 V
Transformer turns ratio (α) 0.185

Push-Pull inductor (L) 43.2 µH
Leakage inductance referred to the Push-Pull Stage (Ld) 1.108 µH

Switching frequency (f ) 40 kHz

Source: Own elaboration

The switching frequency is 40 kHz. Thus, the transfer function should be vali-
dated in the region which the controller will be applied. Usually, the cut-off frequency
of the controller is one decade smaller than the switching frequency. So, Figure 106
illustrates the bode diagram of both models until 10 kHz, though the controller must be
project with a cutoff frequency smaller than 4 kHz.

Also, a current sensor in series with the Push-Pull inductor measures IL. Further-
more, this measured current is compared with a desirable current reference. Therefore,
Figure 107 represents the closed-loop control system with the PI that should be applied
to modulate the converter. In addition, the PI controller project can be found in Appendix
D.

Thus, the current reference (ILref ) can be calculated with equation 231. Note
that the reference must vary its signal to prove that the converter is bidirectional. So, the
reference will be a square wave with maximum and minimum represented in equation
231 which the frequency is 100 Hz. Note that this random frequency of the reference is
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Figure 106 – Bode diagram of the model and simulated Current-Fed Push-Pull Stage
transfer function

Source: Own elaboration

Figure 107 – Closed-Loop control system with a PI controller

Source: Own elaboration

done to verify the transition between the converter’s power flows.

ILref = ±Pout
Vbat

= ±41.667A (231)
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Therefore, with the signal ILmod obtained from Figure 107 applied in Figure 100,
it is possible to obtain the controlled current of the Push-Pull inductor as a function of
the time, represented in Figure 108. Furthermore, Figure 108 also presents the model
of the current transfer function obtained in equation 230, which is plotted by applying
the same signal (ILmod) in the transfer function.

Figure 108 – Controlled current in the Push-Pull inductor

Source: Own elaboration

Then, the controlled current presented the smooth transition between both con-
verter’s power flows, which attest the bidirectional operation.
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7 PROJECT AND SIZING OF THE PROPOSED CONVERTER

The DC microgrid needs an efficient, reliable and controllable converter to con-
nect a battery bank on it. Also, the converter must isolate the high voltage bus from
the low voltage supply to customers, which provides safety to users. So, the converter
proposed in this research fits the necessity as it has a bidirectional and isolated power
flow with a controllable current that charges and discharges the batteries.

Thus, the Isolated Bidirectional Converter based on the assimilation of the DC-
DC Full-Bridge ZVS-PWM and Current-Fed Push-Pull Converters, clamped with the
Buck Converter is used to connect the DC bus from a DC microgrid and Lithium-ion
batteries as represented in Figure 109.

Figure 109 – Proposed converter applied in the DC microgrid

Source: Own elaboration

Therefore, this chapter will focus on the project and sizing of the proposed
converter, so the practical results can authenticate the theories.

The converter will be developed with the specifications shown in table 4.
As presented in earlier chapters, the converter has the Full-Bridge and Current-

Fed Push-Pull Stages and a Buck Converter integrated. So, the sizing will be done
separately for each stage. In addition, the entire circuit evaluation is available at the Ap-
pendix A that contains a MathCad spreadsheet, this sheet presents a the step-by-step
design calculation of all the circuits components for both the Power Stage and Signal
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Table 4 – Specifications of the proposed converter

Specification Value
Rated power (Pout) 2000 W

DC bus voltage (VFB) 400 V
Lithium-ion batteries voltage (Vbat) 48 V

Switching frequency (f ) 40 kHz
Buck’s switching frequency (fb) 80 kHz

Minimum power to achieve ZVS (Pmin) 800 W
Buck voltage (VCb) 220 V

Prototype Dimension 26.5 cm x 30 cm

Source: Own elaboration

Conditioning Stage. Thus, this chapter will only explain some design characteristics
and show some results of the author’s circuit design.

7.1 DC-DC FULL-BRIDGE ZVS-PWM STAGE

7.1.1 Leakage inductance

As studied in chapter 3, the leakage inductance of the transformer performs a
lost in the effective duty cycle of the Full-bridge Stage. Thus, the inductance can be
calculated by stipulating a duty cycle loss.

∆D = 0.05 (232)

For instance, considering the Full-bridge stage duty cycle (D) equals to 0.7, the
effective duty cycle is presented in equation 233.

Def = D −∆D = 0.65 (233)

Therefore, the transformer turns ratio can be calculated as shown in equation
234.

α =
Vbat

VFBDef

= 0.185 (234)

The current in the leakage inductance of the Full-Bridge Stage can be calculated
as shown in equation 235.

Ilk =
αPout
Vbat

= 7.692A (235)

Furthermore, the leakage inductance is calculated using equation 236.

Llk =
VFB∆D

4Ilkf
= 16.25µH (236)
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7.1.2 Series capacitor

The capacitor in series with the leakage inductance is necessary to filter the DC
level resulted from the time of commutation of the Full-bridge and Push-Pull MOSFET’s
inequality. A DC current circulating through the transformer can saturate its core and
damage the switches.

This capacitor is not presented in previous chapters since it does not changes
the converter’s topological states. However, the converter does not operate without this
passive element to filter the DC level

The calculus of this capacitor is shown in (BARBI, 2007). The equation 237 is
calculated based on the voltage drop through the capacitor. The smaller the capaci-
tance, the greater its voltage drop and the output voltage. In addition, the voltage drop
across the series capacitor (∆VCr) is designed with 10 V.

Cr =
Ilk

2αf∆VCrVFB
= 9.65µF (237)

7.1.3 Soft Commutation

To achieve soft commutation, a parallel capacitor with the MOSFETs must be
calculated and also the dead-time between the gate signals in each leg.

The minimum capacitance value forthis conditions can be calculated with equa-
tion 238.

Cmin =

(
Ilkmin
VFB

)2

· Llk
2

= 0.48nF (238)

Note that equation 238 considers the minimum current in the leakage inductance
to achieve ZVS.

Therefore, a commercial capacitance of 0.47 nF can be used. However, this
capacitance cannot be called the commutation capacitance yet because it does not
consider the MOSFET intrinsic capacitance, which is approximately 0.14 nF accord-
ing to the component’s datasheet. Therefore, with the sum of both capacitances, the
commutation capacitance (Cc) is found.

Then, with the new capacitance value, the dead-time calculation is presented in
equation 239.

∆td =

(
π

2
− cos−1

(
V 2
FBDef

Pmin
·
√

2Cc
Llk

))
·
(√

2LlkCc

)
= 221ns (239)

Finally, the dead-time must be greater than ∆td for this circuit’s condition to
achieve soft switching.
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7.2 CURRENT-FED PUSH-PULL STAGE

7.2.1 Push-pull inductor

First of all, the current in the push-pull inductor can be calculated as shown in
equation 240.

IL =
Pout
Vbat

= 41.667A (240)

The inductor can be calculated using the current ripple criteria. Then, by selecting
a ten percent current ripple (∆IL = 4.667A), the inductance can be sized using equation
241.

L =
Vbatd

2f∆IL
= 43.2µH (241)

7.3 BUCK CONVERTER

The buck converter that will be used as a clamping circuit to limit the voltage
across MOSFET’s S5 and S6 should be sized according to the power transferred. There
are many ways to size this auxiliary converter, so the main challenge of this section is
to specify the power recovered by the buck converter.

First of all, a clamping voltage is specified as represented in equation 242.

VCb = 220V (242)

Then, the maximum voltage across the secondary side of the transformer is half
of the clamping voltage.

Vos =
VCb
2

= 110V (243)

The duty cycle of the Buck Converter can be calculated using expression 244.

db =
Vbat
VCb

= 0.218 (244)

The time that the clamping diodes are forward biased can be calculated using
expression 245. This equation was obtained with the current and voltage across the
leakage inductance. So, the equation can be calculated as:

∆tg =
IlkLlk
2VFB

= 156ns (245)
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With the time necessary to the current reaches its maximum value, it is possible
to calculate the maximum current that flows through the clamping diode, similar to
equation 201. So, the equation can be redefined and calculated as:

IDg =
VCb∆tg
2Llkα2

= 31A (246)

The time that buck’s input capacitor is being charged can be calculated with
expression 247.

∆tlk =
IlkLlk
VFB

= 0.313µs (247)

With the voltage across buck’s input capacitor fixed in 220 V and the current
presenting a triangular waveform with the base equals to ∆tbuck and the peak equals
to IDg, the approximated power that buck converter will transfer can be calculated as:

Pbuck = fb

∫ ∆tlk

0

IDgVCbdt = 170W (248)

The equation 248 representing the triangular area is not divided by two because
there are two clamping diodes that charge buck’s capacitor.

Moreover, the buck converter will be designed to transfer up to 200 W only to
investigate its operation because the lower the power that this converter transfer, the
greater will be its efficiency. Also, low power transfer reduces the size and volume of
the auxiliary converter.

So, the average current through buck’s inductor is calculated in equation 249.

ILb =
Pbuck
Vbat

= 4.167A (249)

Then, by specifying a ripple current equals to 25% (∆ILb = 0.25) and the buck’s
frequency two times greates than the push-pull frequency, the buck inductor can be
calculated as shown in equation 250.

Lb =
Vbat(VCb − Vbat)
fbVCb∆ILb

= 0.45mH (250)

Finally, the buck’s capacitor can be sized with a defined ripple voltage and
checked with the RMS current criteria. The equation 251 represents the input buck
capacitance for one percent of voltage ripple.

Cb =
ICbrmsdb
f∆VCb

= 4.96µF (251)

Therefore a commercial polypropylene capacitor which withstands high peak
current has to be found with a proper RMS current. Normally the manufactures provide
the maximum RMS current for each capacitance value in the datasheets, so this criteria
can be observed too.
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In addition, this evaluation can be found in Appendix A. So, four commercial
polypropylene with 0.47µF are used in parallel at the prototype in order to keep the
voltage input stability.

7.4 VOLTAGE STRESSES

The voltage stresses across each active and passive component in the pro-
posed converter are shown in table 5. Which, the calculated values were obtained with
equations from chapter 5.

Table 5 – Voltage stresses across the components

Component Maximum value
Full-Bridge Stage MOSFET (VSFB) 400 V
Push-Pull Stage MOSFET (VSPP ) 220 V

Buck MOSFET (VSb) 220 V
Clamping Diode (VDg) 220 V

Buck Diode (VDb) 220 V
Transformer primary side (VTP ) 598.83 V

Transformer secondary side (VTS) 110 V

Source: Own elaboration

It is necessary to know the voltage stresses to choose the proper components to
apply in the prototype, they have to support a voltage greater than it is shown in table 5.

7.5 CURRENT STRESSES

The current stresses across each active and passive components in the pro-
posed converter are shown in table 6. These results were obtained through equations
presented in chapter 5.

7.6 MAGNETIC COMPONENTS

The method used to calculate the transformer and inductor is demonstrated in
(BARBI, 2007), which the ferrite core, the current density, winding configuration, air gap
and losses are sized by using the Faraday‘s and Ampere‘s Laws.

Note the losses and then the thermal stresses will be estimated next.

7.6.1 Push-Pull inductor

The inductance of the push-pull inductor was calculated with the ripple current
technique, shown in equation 241. Therefore, the specifications shown in table 7 will be
used to size the inductor.

Which:
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Table 6 – Current stresses in the components

Component Average value RMS value
Full-Bridge Stage MOSFET 1 and 2 1.35 A 5.3 A
Full-Bridge Stage MOSFET 3 and 4 3.65 A 5.3 A

Push-Pull Stage MOSFET 20.833 A 29.167 A
Buck MOSFET 0.9 A 1.95 A
Clamping Diode 0.49 A 2.75 A

Buck Diode 3.26 A 3.69 A
Transformer primary side 0 A 7.7 A

Transformer secondary side 20.833 A 29.167 A
Push-Pull inductor 41.67 A 41.67 A

Buck inductor 4.167 A 4.167 A

Source: Own elaboration

Table 7 – Specifications of the push-pull inductor

Specification Value
L 43.2 µH

∆IL 4.167 A
Bmax 0.3 T
Jmax 450 A

cm2

Kw 0.7

Source: Own elaboration

• Bmax is the peak flux density swing;

• Jmax is the maximum allowed current density;

• Kw is the winding factor.

7.6.1.1 Ferrite core

To calculate the ferrite core, the method is based on the Core Area Product,
which is obtained by multiplying the core magnetic cross-section area (Ae) by the
window area (Aw) available for the winding, as illustrated in Figure 110.

The core area product and its result are represented in 252

AeAw =
LILmaxILrms
BmaxJmaxKw

= 7.937cm4 (252)

Then, based on the equation 252, the ferrite core NEE-65/33/39 was used to
design the push-pull inductor. Furthermore, its specifications are illustrated in table 8.

Which:

• Vcore is the ferrite core volume;

• lturn is the magnetic path length.
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Figure 110 – Core and bobbin representation

Source: Adapted from (BARBI, 2007)

Table 8 – Specifications of the ferrite core NEE-65/33/39

Specification Value
Ae 7.98 cm2

Aw 11.31 cm2

Vcore 117.3 cm3

lturn 14.7 cm

Source: Own elaboration

7.6.1.2 Number of turns

The number of turns is calculated with equation 253.

NLPP =
LILmax

BmaxAe
= 8 (253)

7.6.1.3 Air gap

The air gap is calculated with equation 254.

lairgapPP =
NLPP

2µoAe
L

= 0.188cm (254)

Which µo is the air permeability and it is equals to 4.π.10−7H
m

.

7.6.1.4 Current density

The conductors are calculated according to maximum current density and skin
effect. In order to achieve the current density requirement, the copper area must be
greater than the result of equation 255.

ScopperPP =
ILrms
Jmax

= 0.093cm2 (255)
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In addition, to avoid the skin effect, the diameter of the copper must be smaller
than the value presented in equation 256.

Rmax =
15√
f

= 0.075cm (256)

Then, the selected AWG 28 has 0.032 cm of diameter, the copper are (Scu) is
0.000810 cm2 and the insulated area (SAWG) is 0.001083 cm2.

Thus, the number of conductors in parallel to meet these criteria is calculated as
follows:

ncond=
ScopperPP
Scu

= 115 (257)

To achieve this number of conductors, four Litz wires will be used. Furthermore,
this material has thirty AWG 28 wires in parallel. Therefore, the Litz wire presents
another insulated area that should be approximated for the fulfillment calculation.

7.6.1.5 Fulfillment performance

To check if it is possible to build the inductor or not, a k factor is calculated as
presented in 258. The factor must be smaller than 1 to fit the bobbin area.

k =
NLPPSAWGncond

KwAw
= 0.823 (258)

7.6.2 Buck inductor

The inductance of the buck inductor was calculated with the ripple current tech-
nique, shown in equation 250. Therefore, the specifications shown in table 9 will be
used to size the inductor.

Table 9 – Specifications of the buck inductor

Specification Value
Lb 0.45 H

∆ILb 1.042 A
Bmax 0.3 T
Jmax 450 A

cm2

Kw 0.7

Source: Own elaboration

Note that this ripple current represents 25% of the buck RMS current.
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7.6.2.1 Ferrite core

The core area product and its result are represented in 259

AeAw =
LILbmaxILbrms
BmaxJmaxKw

= 0.837cm4 (259)

Based on the equation 259, the ferrite core MMT140EE5525 was used to design
the buck inductor. Furthermore, its specifications are illustrated in table 10.

Table 10 – Specifications of the ferrite core MMT140EE5525

Specification Value
Ae 4.22 cm2

Aw 3.756 cm2

Vcore 28.84 cm3

lturn 12 cm

Source: Own elaboration

7.6.2.2 Number of turns

The number of turns is calculated with equation 260.

NLb =
LbILbmax
BmaxAe

= 15 (260)

7.6.2.3 Air gap

The air gap is calculated with equation 261.

lairgapPP =
NLb

2µoAe
L

= 0.276cm (261)

7.6.2.4 Current density

The copper area must be greater than the result of equation 262.

ScopperBuck =
ILbrms
Jmax

= 0.00926cm2 (262)

Also, the diameter of the copper must be smaller than the value presented in
equation 256.

Then, the selected AWG 24 has 0.051 cm of diameter, the copper are (Scu) is
0.002047 cm2 and the insulated area (SAWG) is 0.002586 cm2.

Thus, the number of conductors in parallel to meet these criteria is calculated as
follows:

ncond=
ScopperBuck

Scu
= 5 (263)
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Again, to achieve this number of conductors, a Litz wire will be used. Further-
more, this material has ten AWG 24 wires in parallel. Therefore, the Litz wire presents
another insulated area that should be approximated for the fulfillment calculation.

7.6.2.5 Fulfillment performance

The factor must be smaller than 1 to fit the bobbin area.

k =
ncondNLbSAWG

KwAw
= 0.884 (264)

7.6.3 External inductor

First of all, the inductance of the transformer was measured with 5 µH using an
Impedance Analyzer E4990A of the company KEYSIGHT. Therefore, this value was
subtracted from the equation 236 and then the external inductor was designed with the
same principles above. In summary, the result was a ferrite core MTT140EE4220 with
two turns of an Litz wire AWG 24.

7.6.4 Transformer

Some specifications shown in table 11 will be used to size the transformer.

Table 11 – Specifications of the transformer

Specification Value
α 0.185
Pout 2000 W
Bmax 0.3 T
Jmax 450 A

cm2

Kw 0.7
Kp 0.5

Source: Own elaboration

Which Kp is the primary utilization factor.

7.6.4.1 Ferrite core

The core area product and its result are represented in 265

AeAw =
Pout

KwKpBmaxJmaxf
= 10.582cm4 (265)

Then, based on the equation 265, the ferrite core NEE-65/33/39 was used to
design the transformer. Furthermore, since it is the same core used in the push-pull
inductor, its specifications are illustrated in table 8.
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7.6.4.2 Number of turns

The number of turns in the primary side is calculated with equation 266.

NTP =
VPC

4BmaxAef
= 16 (266)

The number of turns in the secondary side is calculated with equation 267.

NTS =
NTP

α
= 3 (267)

7.6.4.3 Current density

The copper will be calculated as presented in the inductors. There a winding
section for each side of the transformer, since the current is different.

STP =
ITPrms
Jmax

= 0.017cm2 (268)

STS =
ITSrms
Jmax

= 0.065cm2 (269)

The wire AWG 28 was selected again, so the number of conductors in parallel is
calculated as follows:

nTP=
STP
Scu

= 22 (270)

nTS=
STS
Scu

= 81 (271)

To achieve this number of conductors, three Litz wires will be used. This wire
contains thirty AWG 28 in parallel.

7.6.4.4 Fulfillment performance

To check if it is possible to build the transformer, the k factor is calculated consid-
ering both sides of the transformer, as presented in 272.

k =
nTPNTPSAWG

KwAw
+
nTSNTSSAWG

KwAw
= 0.75 (272)

7.7 GATE DRIVERS

The gate drivers used in this Master Thesis were developed by the engineers of
the Brazilian Institute of Power Electronics and Renewable Energy (IBEPE), presented
in Figure 111. They accept the low-power PWM output of the TMS320F28069 and
produces a high-current drive input for the gate terminal of the MOSFET. The principles
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and operation of the gate drivers will not be covered, since it is not the goal of this
research.

Figure 111 – Gate Driver from IBEPE

Source: Own elaboration

7.8 PROTOTYPE

After sizing the converter and its components, some Printed Circuit Board (PCB)
are developed to connect all the designed circuits. Beyond the power stage studied
until now, some sub-circuits have to be constructed to debug the prototype such as
the circuits to connect and read the input of voltage and current sensors, the signal
conditioning to convert the signals to the DSP ADC input limits, the desired voltage
source input of these components and some buffer amplifier to prevent the Pulse Width
Modulation (PWM) signal source from being affected by any current source that may
cause a signal noise.

Although the sub-circuits are important to design and debug the prototype, these
are mainly done with basic electronic solutions implementing operational amplifiers,
voltage regulators and Sallen-Key filter. So, their operation will be presented in the
Appendix A.

In summary, the prototype presents two main PCBs, the power stage PCB and
the signal conditioning PCB, as presented in Figure 112. The power stage has the
converters, gate drivers, voltage and current source, and the signal conditioning PCB
has the DSP, buffer circuit, operational amplifier circuits, Sallen-Key filters and voltage
regulation. Then, both the PCBs are connected through armored cables preventing
Electromagnetic interference (EMI).

7.9 POWER LOSS

An important study in a prototype design is the power losses, because it provides
results for the thermal constraints and optimization of the converter’s efficiency.

There are some major source of loss in a power electronics prototype and in this
project they can be divided in the Metal-Oxide-Semiconductor Field Effect Transistor
(MOSFET) loss, diode loss, core loss and copper loss.
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Figure 112 – Prototype detailed

Source: Own elaboration

7.9.1 MOSFET Loss

The MOSFET presents switching and conducting losses, represented by equa-
tions 273 and 274 respectively. Although the Full-Bridge ones do not have switching
losses since it they operate in soft switching, the others do, so it is calculated.

Pmswitching =
ImaxVmax(tr + tf )

2Ts
(273)

Pmconducting =
TonRdsI

2
rms

Ts
(274)

These values can be found in the components’ datasheet:

• tr is the rise time;

• tf is the fall time;

• Rds is the on resistance.

7.9.2 Diode Loss

The diode also presents switching and conducting losses, represented by equa-
tions 275 and 276 respectively. However, most diodes have a fast recovery time, which
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decreases its switching loss.

Pdswitching =
VmaxIrmstrrf

2
(275)

Pdconducting = VTOImed +RF I
2
rms (276)

These values can be found in the components’ datasheet:

• trr is the reverse recovery time;

• VTO is the diode threshold voltage;

• RF is the on resistance.

Note that the diode resistance can be calculated through the forward drop voltage
versus forward current graphic.

7.9.3 Core Loss

The losses in the ferrite core are caused by hysteresis and Eddy Current Loss,
so they are determined by the following expression:

Pcore = ∆B2.4(Khf +Kff
2)Vcore (277)

Which:

• ∆B is the magnetic flux density excursion;

• Kh is the hysteresis loss coefficient;

• Kf is the eddy current loss coefficient.

Moreover, it is possible to calculate ∆B as follows:

∆B =
LImax
NAe

(278)

7.9.4 Copper Loss

The copper losses are due to the Joule and Skin effect. Although the skin effect
can be decreased by selecting a proper copper diameter according to the switching
frequency, the Joule effect cannot be diminished. The equation 279 represents the core
loss.

Pcopper =
ρcopperI

2
rmslturnN

ncond
(279)

Which:
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• ρcopper is the copper electrical resistivity;

• N is the number of turns.

7.9.5 Total losses

Finally, the total losses in the prototype calculated with the equations presented
in this section are represented in table 12.

Table 12 – Power losses of the prototype

Specification Value
Full-Bridge Stage MOSFET 20.3 W
Push-Pull Stage MOSFET 22.9 W

Buck MOSFET 1.36 W
Clamping Diode 1.55 W

Buck Diode 3.01 W
Transformer 5.164 W

Push-Pull Stage inductor 4.02 W
Buck inductor 3.93 W

External inductor 0.55 W
Total 63 W

Source: Own elaboration

Besides the thermal stresses calculation, the total losses are important to opti-
mize the converter’s components and also compare the estimated power losses with
the real converter’s efficiency.

7.10 THERMAL STRESSES

The calculation of thermal stresses is very important to design the converter,
since that an overheat would damage its components. The aim is to make sure the
semiconductor junction temperature remains below the greatest value allowed by the
manufacturer. Besides, the degradation of a semiconductor results in chemical reac-
tions on a nuclear scale that collapse the component structure. Thus, the lower the
working temperature at the junction, the lower the failure rate.

To calculate the thermal stresses the Figure 113 will represent the thermal circuit
relating the temperature with some resistors.

Which:

• Tj is the junction temperature;

• TC is the encapsulation temperature;

• TD is the heat sink temperature, considered 100◦C;
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Figure 113 – Prototype detailed

Source: (BARBI, 2007)

• Rjc is the thermal resistance of the junction-capsule;

• RCD is the thermal resistance between the semiconductor and heat sink;

• RDa is the ambient heat sink resistance;

• Ta is the room temperature, considered 50◦C.

Therefore, the step-by-step calculation will be presented in Appendix A. In sum-
mary, a room temperature is adopted, then the necessity of a heat sink is checked by
calculating the total resistance of each component and comparing with its datasheet
value. If the calculated resistance is smaller than the datasheet resistance, then a
heat sink must be sized to keep the component operating below the maximum junction
temperature.

Therefore, the maximum thermal resistance of the heat sink for each component
can be calculated using the power loss of each component (Pcomploss), as follows:

RDacomp =
Tj − Ta
Pcomploss

−Rjc −RCD (280)

While equation 280 is used to check the maximum resistance for each compo-
nent, equation 281 calculates the heat sink resistance by applying a correction factor
(FC) for the room temperature used, a safety factor (FS) and the total power losses
(PT loss).

RDa = FC
Tj − Ta
FSPT loss

= 0.667
◦C

W
(281)

The safety factor is applied in the formula in order to oversize the heat sink as
using a high ambient temperature. In addition, some coolers can be applied so the cool
forced wind decreases its temperature.

So, the model HS 21575 was used to connected the semiconductors as rep-
resented in Figure 114. The heat sink model has a resistance equals to 0.353 ∆oC

W
,

which is smaller than the resistance found in equation 281 to secure a low temperature
operation.
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Figure 114 – Final prototype connected to the heat sink

Source: Own elaboration

Furthermore, it is necessary to calculate each semiconductor junction-capsule
thermal resistance using equation 280 and check if the junction temperature is bellow
the recommended by the manufacturer, which will be presented next.

In addition, the thermal stresses in the magnetic elements must be calculated to
verify if the core will not overheat and be damaged, otherwise it has to be substituted.
The equation 282 gives the temperature rise in these components:

∆T = 23(Pcore + Pcopper)(AeAw)−0.37 (282)

So, the components’ temperature rise considering the heat sink are presented
in table 13.

In conclusion, the design of a proper heat sink ensures a low temperature rise
in the active components. So, the thermal stresses should not be a problem in the
prototype operation.
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Table 13 – Temperature rising of the converter’s components

Component Temperature rise
Full-Bridge Stage MOSFET 88.6 ∆oC
Push-Pull Stage MOSFET 88.1 ∆oC

Buck MOSFET 83.9 ∆oC
Clamping Diode 86.7 ∆oC

Buck Diode 95.4 ∆oC
Transformer 20.23 ∆oC

Push-Pull Stage indutctor 17.5 ∆oC
Buck inductor 32.5 ∆oC

External inductor 6.5 ∆oC

Source: Own elaboration
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8 EXPERIMENTAL RESULTS

This chapter presents the experimental results of the proposed converter that
will be used to prove its efficiency and the bidirectional power flow. The equipment and
set up necessary to debug the project and do the tests will be explained through the
chapter.

It is necessary a different set up for each power flow, so in the positive power
flow the voltage source is connected in VFB and a resistive load is connected in Vbat,
also for the negative power flow the opposite connection is correct.

Therefore, the connections change for each set up. However, in a microgrid both
sides would be bidirectional power sources, the Lithium-ion batteries and DC bus. Then,
in a real application the set up would be equal for both power flows.

It is noticed the importance of having only one modulation technique for both
power flows, since it offers a better and faster transition between the power flow direc-
tions. Also, with a fast transition the converter becomes controllable to keep the DC
bus voltage constant. Some bidirectional converters presented in the literature with two
different modulations for each power flow may not work in real applications.

Thus, to generate the gate signals and process the control, a DSP from Texas
Instruments (LAUNCHXL-F25069M) was used. The modulation technique presented in
previous chapter is shown in Figures 115 and 116. It was not possible to acquire all of
the gate signals in a single picture since the model MDO3024 from Tektronix used has
four channels.

The time division in the Figures above illustrate a switching period of 25 µs that
represents the switching frequency of 40 kHz. In addition, it can be noticed the designed
dead-time on the gate signals in the Full-bridge MOSFETs and the phase shift between
the Full-bridge’s legs that represents the duty cycle.

It is very important to notice the synchronization between the gate signals of the
Full-bridge Stage and Push-Pull Stage, since any delay could cause a current peak in
the leakage inductance that would damage the components. So, MOSFET S5 must be
gated on when S1 is gated on and gated off when S3 is gated on, also MOSFET S6 must
be gated on when S2 is gated on and gated off when S4 is gated on as illustrated in
Figure 82. Furthermore, this current peaks will be illustrated in the positive power flow
results.

8.1 POSITIVE POWER FLOW

In the positive power flow set up a power supply was connected across the
120 µF polypropylene capacitors of the Full-bridge terminals that represents the DC
bus and a resistive load was connected in the Push-Pull terminal that represents the
batteries. Note that for this application, the batteries would be charging.
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Figure 115 – Gate signals of the DC-DC Full-Bridge ZVS-PWM Stage MOSFETs

Source: Own elaboration

Figure 116 – Gate signals of the Current-Fed Push-Pull Stage and Buck MOSFETs

Source: Own elaboration

The resistive load can be calculated through equation 283.

Rbat =
V 2
bat

Pout
= 1.152Ω (283)
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This low resistance that dissipates 2000 W was obtained through the parallel
connection of some electric household heater. Therefore, for the designed converter,
when the power source supply full load or 2000 W, the input and output voltages are
acquired as represented in Figure 117.

Figure 117 – DC bus and battery voltages for the positive power flow

Source: Own elaboration

Then, the input DC bus voltage (VFB) was 400 V and the Lithium-ion battery
bank (Vbat) was 48 V as expected.

An important result to analyze is the soft commutation of the MOSFETs in the
Full-Bridge Stage. In Figure 118 are shown the gate signals and drain-source break-
down voltage of the MOSFETs in the critical leg (S3 and S4).

Therefore, to analyze the Zero Voltage Switching it is necessary to decrease
the time interval observed in the oscilloscope to 200 nanoseconds. In addition, as the
ZVS is achieved only for a minimum load current, the analysis will be demonstrated by
increasing the input power supply. Then, Figure 119 shows that for a low output current
the converter is still operating with hard commutation, since the voltage across S4 does
not reach zero until the dead-time ends.

Furthermore, it is notable the voltage ringing caused by the hard switching and
understand the importance of the soft commutation. So, when the load current ap-
proaches the minimum value necessary to achieve ZVS, the breakdown voltage across
S4 during the dead-time is almost zero and the voltage ringing is mitigated as repre-
sented in Figure 120.
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Figure 118 – Gate signals and breakdown voltage of the Full-bridge MOSFET’s lagging
leg for the positive power flow

Source: Own elaboration

Figure 119 – Hard switching for the positive power flow

Source: Own elaboration
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Figure 120 – Hard switching with almost the minimum load current to achieve ZVS for
the positive power flow

Source: Own elaboration

So, Figure 120 presents a breakdown voltage of 150 V in the Full-bridge MOS-
FETs. After this point, the load current is greater than the minimum current to achieve
ZVS as it was designed to be with 40% of the nominal output power (800 W). Thus,
Figure 121 illustrates the soft commutation of the Full-bridge’s critical leg and also the
maximum breakdown voltage for nominal power of 400 V.

It is notable the decrease of the voltage ringing when the converter is operating
with Soft Commutation as the peak voltage that appears in Figure 118 is totally gone in
Figure 121.

In addition, it is important to analyze the buck converter’s operation as an active
voltage clamper. The operation of the converter was designed with a voltage input of
220 V on its capacitor and , so the Push-Pull MOSFETs are clamped with the same
voltage. However, as the buck and Push-Pull MOSFETs used have a breakdown voltage
of 600 V, the analysis of the voltage clamping operation will be presented for values
near the maximum a minimum clamping voltage.

Note that this analysis is possible only for the positive power flow since the buck’s
power flow comes only from the diode reverse recovery current. A voltage clamper lower
than the designed 220 V in the negative set up would increase the buck’s current that
could damage the circuit.

In an open-loop operation, by varying the buck’s duty cycle it is possible to vary
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Figure 121 – Soft switching for the positive power flow

Source: Own elaboration

the breakdown voltage across the MOSFETs. So, Figure 122 shows the MOSFETs
breakdown voltages of the Push-Pull Stage and the voltage in buck’s capacitor with a
low voltage and Figure 123 illustrates the same waveforms with a high voltage. So, it is
possible to claim that the greater is the buck’s duty cycle, the smaller is the capacitor
voltage and vice-versa.

So, the minimum clamping voltage should be near the ideal MOSFET’s break-
down voltage of the Push-Pull Stage, as represented in Figure 122.

Also, the maximum clamping voltage must be smaller than the maximum break-
down voltage of the acquired Push-Pull MOSFET, as represented in Figure 123.

In an ideal operation, the buck converter would not be used in the positive
power flow operation. However, in practical experience the reverse recovery current of
the diodes in anti-parallel with the Push-Pull MOSFETs are significant for high power
applications and could cause a destructive voltage peak in the same MOSFET, if there
is not a snubber circuit.

Furthermore, the buck’s converter presented itself as a great solution for operate
as an active snubber. So, with the results obtained for a open-loop operation that
imposes an input voltage with a designed duty cycle, the operation with a closed-loop
control of the input voltage is not necessary since the converter is already stable and it
would increase the DSP processing. Also, the buck’s duty cycle can be calculated by
adopting a clamping voltage and applying in equation 178.
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Figure 122 – Low clamping voltage for the positive power flow

Source: Own elaboration

Figure 123 – High clamping voltage for the positive power flow

Source: Own elaboration
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In fact, in practical experience the buck’s converter duty cycle should gate on its
MOSFET when a Push-Pull MOSFET is gated off or some near that because this is the
period when the buck’s capacitor is charged. Therefore, the attempt to control the input
voltage failed with a PI controller as the transfer function presents a pole in the origin
and the Push-Pull operation was affected.

Moreover, it is very important to analyze the behavior of the current and voltage
across the primary side of transformer and compare it with the theory presented about
the Full-BRidge Stage, since the current in the leakage inductance is very important to
achieve ZVS. So, Figure 124 illustrates the voltage and current in the transformer which
are similar to what was presented in the theory, without a noticeable influence of the
clamped circuit in the primary side voltage.

Figure 124 – Transformer’s primary side voltage and leakage inductance current for the
positive power flow

Source: Own elaboration

As can be seen from Figure 124 the leakage inductance current plunged in a
certain period, this phenomenon is due to the delay between the gate signals from the
Full-bridge and Push-Pull Stages since the hardware circuit used to gate drive these
MOSFETs have different values of bead inductor and gate resistance.

Thus, a small difference does not harm the circuit’s operation, as it is clear in
Figure 124. However, when this delay is great some non-expected topological state
could damage the circuit and the main cause of a considerable delay is the software
used to generate the gate signals.
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So, by applying some delay in the Push-Pull Stage gate signals this phenomenon
is better explained, as it is represented in Figure 125.

Figure 125 – Transformer’s primary side voltage and leakage inductance current with a
gate signal delay between the power stages for the positive power flow

Source: Own elaboration

Therefore, it is clear that by gating on the MOSFETs of the Full-Bridge Stage S1

and S3 before gating on the MOSFETs of the Push-Pull Stage S5 and S6, respectively,
there are still a voltage across the transformer and so the leakage inductance current
keeps increasing until the end of the delay. Note that this phenomenon also happens
for the negative side, so it has to be avoided by generating synchronized gate signals.

Finally, the current of two power stages and the buck converter are presented in
Figure 126.

It can be observed that the current in the buck converter is great for a low
clamping voltage, since the diodes in anti-parallel with the Push-Pull MOSFETs have
a high reverse recovery current. So, in the negative set up this phenomenon has to be
considered, so that the buck converter is not overloaded. Actually, this can be easily
obtained by applying a clamping voltage of 300 V instead of the 220 V designed.

Also, it can be seen in graph the current of the Full-bridge and Push-Pull which
represents the input and output current, respectively. Although the current waveforms
are as expected in theory, their RMS values will not be considered to an efficiency
analysis since the oscilloscope does not offer an acceptable measurement precision.
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Figure 126 – Current in the Full-bridge Stage, Push-Pull Stage and Buck converter for
the positive power flow

Source: Own elaboration

8.2 NEGATIVE POWER FLOW

In the negative power flow set up a power supply was connected in the Push-Pull
terminal that represents the batteries and a resistive load was connected in the 120 µF
polypropylene capacitors of the Full-bridge terminals that represents the DC bus. Note
that for this application, the batteries are being discharged.

The resistive load can be calculated through equation 284.

RFB =
V 2
FB

Pout
= 80Ω (284)

This resistance that dissipates 2000 W was obtained through the series connec-
tion of the same electric household heater used in the positive power flow. Thus, for the
designed converter, when the converter is operation with full load or 2000 W, the input
and output voltages are acquired as represented in Figure 127.

Again, the input DC bus voltage (VFB) was 400 V and the Lithium-ion battery
bank (Vbat) was 48 V as expected.

An important result to analyze is the commutation of the Full-bridge MOSFETs.
Therefore, it is shown in Figure 128 the gate signals and drain-source breakdown
voltage of the MOSFETs in the critical leg (S3 and S4).

However, to analyze the commutation it is necessary to decrease the time interval
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Figure 127 – DC bus and Battery voltage for the negative power flow

Source: Own elaboration

Figure 128 – Gate signals and breakdown voltage of the Full-bridge MOSFET’s lagging
leg for the negative power flow

Source: Own elaboration
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observed in the oscilloscope to 200 nanoseconds. As it was studied in the topological
states of the negative power flow, the Full-bridge cStage does not operates with ZVS in
any period, even with maximum load current, because the commutation capacitors do
not charge and discharge during the dead-time interval between the MOSFET’s gate
signals.

Therefore, to do the analysis for the negative power flow, some Figures will be
presented by increasing the input power supply to verify the converter’s commutation.
Then, Figure 129 shows that for a low output current the converter is operating with
hard commutation, since the voltage across S4 does not reach zero before the end of
the dead-time interval.

Figure 129 – Hard switching for a low input current and the negative power flow

Source: Own elaboration

It can be inferred from Figure 129 that the commutation starts after the dead-
time, so it is a hard switching. Also, this kind of commutation generates voltage ringing
in both gate-source and drain-source signals.

However, for a low input current some phenomenons are not stabilized yet, such
as the intrinsic capacitance of the MOSFET that changes according to the drain-source
voltage increase. So, these voltage ringing should be checked again for a higher power
application, as represented in Figure 130.

The supplied graph in Figure 130 denotes a sharply decline compared with
the voltage ringing expressed in Figure 129 for the breakdown voltage across the
MOSFETs, but the gate signals are still being affected by the switching noise.
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Figure 130 – Hard switching for a medium input current and the negative power flow

Source: Own elaboration

Although this noise did not harm the circuit’s operation, some voltage spike could
gated on or off a MOSFET in an inadequate time period if the spike last too long, which
was not the case. Also, these voltage ringing can be due to the cable’s inductance
interference in the voltage measurement, since the negative spike in VGS4 would be
sufficient to gated off VDS4 and it did not, so the voltage ringing is heightened by the
cable’s inductance.

Furthermore, as explained before, the voltage ringing should decline for a high
power operation, since the converter was designed to a full load operation and the
voltage ringing in the circuit presents a fast dynamic for light load. The given Figure
131 outlines a low voltage ringing in both gate-source and drain-source voltage for a
full load operation.

The provided Figure 131 presents a breakdown voltage of 400 V and a hard
switching since the commutation occurs after the dead-time ends.

In addition, it is important to analyze the buck’s operation as an active voltage
clamper for the negative power flow. The operation of the converter was tested with a
voltage input of 300 V on its capacitor, so the Push-Pull MOSFETs are clamped with
the same voltage. The higher the clamping voltage, the greater the efficiency of the
converter. Then, as the buck and Push-Pull MOSFETs acquired have a breakdown
voltage of 600 V, the analysis of the voltage clamper operation will be presented with
300 V instead of the designed 220 V.
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Figure 131 – Hard switching for a maximum input current and the negative power flow

Source: Own elaboration

Furthermore, as explained for the positive power flow, an open-loop operation is
sufficient to keep the clamping voltage stable, since the tests done with light and full
load kept reliable. So, Figure 132 shows the Push-Pull MOSFETs breakdown voltages
and the voltage in buck’s capacitor with 300 V.

Moreover, it is very important to analyze the behavior of the current and voltage
across the primary side of transformer and compare it with theory. Therefore, Figure
133 shows the voltage and current in the transformer which are similar to what was
predicted by theory, with a considerable influence of the clamped circuit in the primary
side voltage, because now the energy regenerated by buck’s converter comes from the
leakage inductance that is much higher than a diode reverse recovery energy.

The given Figure 133 presents also a different waveform shape of the leakage
inductance current, which is explained by a delay between gate signals of both Full-
bridge and Push-Pull MOSFETs.

So, as explained for the positive power flow, a current peak may occur in the
negative power flow if a Push-Pull MOSFET is gated off before the Full-bridge MOSFET
is gated on. For instance, S6 is turned off before S4 is turned on.

The inappropriate gate signal’s delay is due to the different MOSFETs used in
the Full-Bridge and Push-Pull power stages. Thus, a satisfactory solution is apply a
delay in the DSP software to compensate the hardware delay. Therefore, it is possible
to turn off S6 before turn on S4, which causes the leakage current to decrease instead
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Figure 132 – Clamping voltage for the negative power flow

Source: Own elaboration

Figure 133 – Transformer’s primary side voltage and leakage inductance current for the
negative power flow

Source: Own elaboration
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of increase. In other words, the current declined in Figure 133 is different from what
theory predicted because of the mentioned delay.

Finally, the current of the two power stages and the Buck converter are presented
in Figure 134.

Figure 134 – Current in the Full-bridge Stage, Push-Pull Stage and Buck converter for
the negative power flow

Source: Own elaboration

It can be observed in Figure 134 that the current in the buck converter is great
for a 300 V of clamping voltage, since the diodes in anti-parallel with the Push-Pull
MOSFETs have a high reverse recovery current and the energy stored in the leakage
inductor referred to the secondary side of the transformer demagnetize over the circuit,
as explained in the Push-Pull theory.

Finally, it can be seen in graph the current of the Full-bridge and Push-Pull
Stages which represent the output and input current, respectively. It can be noticed
a different waveform shape of Push-Pull inductor’s current as presented in the theory,
since a higher energy amount is regenerated back to the circuit, which distorts the
waveform.

8.3 EFFICIENCY

Finally, one of the most important characteristic of a converter is the efficiency,
so the last set up must connect a power analyzer equipment to confirm its performance
for both positive and negative power flow.
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So, a Power Analyzer model PA400 from Tektronix was connected in both input
and output of the converter for both power flows. In fact, for the positive power flow two
different set ups considered hard and soft commutation of Full-bridge’s MOSFET. In
addition, the equipment has a current limit of 30 A, which limited the power to 70% of
its nominal value. Finally, Figure 135 describes the converter’s efficiency as a function
of the processed power.

Figure 135 – Converter’s efficiency

Source: Own elaboration

The given illustration of Figure 135 delineates three performance curves, which
have the maximum value of 95.1% for the positive power flow when it operates with
ZVS and 91.8% for the negative power flow.

Therefore, it is evident the high efficiency of the proposed converter when com-
pared with the maximum efficiency found in the State of the Art for similar converter
topologies, which the maximum efficency of the positive power flow was 88% and the
negative power flow was 80%.

In addition, it is notable the positive operation with an efficiency higher than
90% for all load test conditions when it has soft switching and the operation without
soft commutation that decreases the converter’s performance in at least 2%. Then,
the efficiency results prove the soft switching efficacy and explain one reason that
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contributes to reduce the efficiency for the negative power flow.
Furthermore, all the efficiency tests were done for an open-loop operation, since

the batteries were not used in the converter’s tests.
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9 CONCLUSION

The dissertation thesis studied the application of a DC microgrid that can manage
and distribute energy among several power sources and loads, with safe and stable
operation. First of all, the existent market technologies in this field were exploited to
understand the microgrid control needs and power distribution. Therefore, it was verified
in this research the necessity of design an Isolated DC-DC Bidirectional Converter to
connect the Lithium-ion battery bank with the microgrid DC bus. So, as the master
thesis was done in the power electronics field, the bidirectional converter topology and
its modulation technique were proposed and studied.

Therefore, the theoretical investigation about the DC-DC Full-Bridge ZVS-PWM
and Current-Fed Push-Pull stages were presented in order to understand some con-
cepts necessary to perform the Bidirectional Converter. So, as the bidirectional con-
verter preserves the characteristics of both power stages, the sizing was accomplished
preserving the same analysis.

In conclusion, the Isolated Bidirectional DC-DC Converter Based on the Inte-
gration of the Full-Bridge and the Current-Fed Push-Pull Converters clamped with a
Buck converter was designed and tested with 2000 Watts. It presented an overall effi-
ciency of 95.1% for the positive power flow and 91.8% for the negative power flow. So,
this converter could be applied in DC microgrid applications to charge and discharge
the Lithium-ion battery bank with the microgrid DC bus, since the experimental results
confirmed the theoretical topological states, waveforms and deduced equations.

An unique modulation technique used for both power flow directions proved
effective in practical experience, which confirms the bidirectionality of the converter and
a voltage regulation through its static gain. Also, it is was observed the importance of
implementing synchronized gate signals for both the Full-Bridge and Push-Pull Stage
MOSFETs, since the signals delay would cause undesirable topological states and
current stresses in the converter operation.

Furthermore, the soft commutation demonstrated its importance in the con-
verter’s efficiency, noise and voltage ringing by comparing it with hard switching. The
Zero Voltage Switching is observed in the converter’s positive power flow direction when
the processed power reaches the minimum power projected to achieve ZVS.

Additionally, the Buck Converter resulted in a stable active voltage clamp that
regenerates energy back to the main circuit, even for an open-loop operation which
do not controls its input voltage. In fact, an open-loop system favored the practical
experience, since the transfer function calculated is not simple to compensate. Actually,
with the Buck’s application proved, some others converter could be applied for the same
goal.

Besides the converter’s analysis, the proposed DC microgrid can to solve the



Chapter 9. Conclusion 178

renewable energy problems such as intermittency and offer a safe connection of Lithium-
ion batteries to stabilize the system. So, for future microgrid applications, this study can
be used as a reference to understand the microgrid power flow and the control solutions
necessary to perform the system.

9.1 FUTURE STUDIES

To conclude, some final proposals of future works are listed:

• Design other converter to be used as a voltage clamp and compare its efficiency
with the Buck Converter;

• Study, project and implement an effective voltage clamp controller;

• Study and apply soft commutation for the negative power flow to optimize the
converter’s efficiency on this power flow direction;

• Study the leakage inductance interference in the converter’s efficiency;

• Verify the influence of the magnetizing inductance in the converter’s operation;

• Study the effect of the gate signals delay between both converter stages.
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APPENDIX B – CLAMPING CAPACITOR VOLTAGE CONTROL

The block diagram presented in figure 136 illustrates a closed-loop system that
compares a reference voltage with the voltage measured across the clamping capac-
itor. Also, the block diagram presents a PI controller to compensate the system, the
modulator, the converter transfer function and the voltage sensor gain.

Figure 136 – Closed-loop control system of the clamping capacitor voltage

Source: Own elaboration

Thus, the clamping converter shown in figure 137 has the same characteristics
of a buck converter, but its input voltage must be controlled instead of the output.

Figure 137 – Equivalent clamping converter

Source: Own elaboration

Furthermore, as the input voltage must be controlled in order to maintain a
regulated voltage across the push-pull switches (S5 and S6), a transfer function of the
clamping capacitor voltage (VCb) in relation to the converter’s duty cycle (db) must be
established.

B.0.1 Circuit Operation

First of all, the clamping converter presents two topological states, one that
occurs when the switch Sb is turned on and other when it is turned off, as described
below. Also, because of its simplicity, the gate signal will not be presented in this chapter.
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Time interval ∆t1 - In the first topological state, the switch Sb is gated on and
the diode Db is reverse polarized. So, the energy stored in the clamping capacitor Cb is
transferred to the battery. The first topological state is presented in figure 138.

Figure 138 – First topological state of the clamping converter

Source: Own elaboration

Time interval ∆t2 - In the second topological state, the switch Sb is gated off and
then the diode is directly polarized. So, at this stage the inductor (Lb) transfer energy to
the battery and the clam capacitor is ready to store energy from the clamping diodes
(Dg2 and Dg1). The second topological state is presented in figure 139.

Figure 139 – Second topological state of the clamping converter

Source: Own elaboration

B.0.2 Transfer Function

The duty cycle (Db) represents the period of time that the switch (Sb) is conduct-
ing. Then, the current and voltage across the switch and diode can be calculated.

IDb = (1− db)ILb (285)

ISb = dbILb (286)

VDb = dbVCb (287)
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VSb = (1− db)VCb (288)

Therefore, with the average values above, it is possible to design an average
circuit model that represents the converter instead of the switched model. This model,
presented in figure 140, has a virtual clamping resistance as described in a previous
chapter.

Figure 140 – Average circuit model of the clamping converter

Source: Own elaboration

From the circuit above, the differential equations of the inductor voltage (VLb) and
capacitor voltage (ICb) can be found.

Lb
dILb
dt

= dbVCb −RV dbILb − Vbat (289)

Cb
dVCb
dt

= 2IDg − dbILb (290)

Which IDg represents the clamping diode current that charges the clamping
capacitor.

Then, a small-signal modelling is realized by applying a perturbation near the
operation point.

ILb = ILb + ∆ILb (291)

VCb = VCb + ∆VCb (292)

db = db + ∆db (293)

By replacing 291, 292 and 293 in 289 and 290, it gives:

Lb(
diLb
dt

+
d∆ILb
dt

) = (db + ∆db)(VCb + ∆VCb)−RV (db∆ILb −∆dbILb)− Vbat (294)
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Cb
dVCb
dt

+ Cb
d∆VCb
dt

= 2IDg − (dbILb + ∆dbILb + db∆ILb + ∆db∆ILb) (295)

Then, the average and small-signal AC model can be developed, as represented
in figure 141.

Figure 141 – Average and small-signal AC model of the clamping converter

Source: Own elaboration

Both models can be divided, the DC circuit, presented in figure 142, represents
the steady and linearized variables in the operation point.

Figure 142 – DC circuit the clamping converter

Source: Own elaboration

Furthermore, this circuit can be used to find the converter static gain.

2IDg
ILb

= db (296)

Vbat
VCb

= db (297)

By eliminating the DC and second-order terms of equations 294 ans 295, the
small-signal AC model is found.

d∆ILb
dt

=
db∆VCb + ∆dbVCb −RV db∆ILb −RV ∆dbILb

Lb
(298)
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d∆VCb
dt

=
−∆dbILb − db∆ILb

Cb
(299)

The small-signal AC model, presented in figure 143, represents the variables
that varies around the operation point.

Figure 143 – Small-signal AC model of the clamping converter

Source: Own elaboration

With some algebraic manipulations it is possible to find the relation of the clamp-
ing voltage variation for a duty cycle variation, by deriving equation 300.

d2∆VCb
dt2

= − 1

Cb

(
ILbd∆db

dt
+
dbd∆ILb

dt

)
(300)

Then, if 298 be replaced in 300 it leads to:

d2∆VCb
dt2

+
db

2∆VCb
LbCb

+
db∆dbVCb
LbCb

+
dbRV

Lb

d∆VCb
dt

= − 1

Cb

ILbd∆db
dt

(301)

Furthermore, by replacing 299 in 301 leads to:

d2∆VCb
dt2

+
db

2∆VCb
LbCb

+
db∆dbVCb
LbCb

+
dbRV

Lb

d∆VCb
dt

= − 1

Cb

ILbd∆db
dt

(302)

Also, by applying the Laplace transformer in 302, it gives a frequency domain
response.

s2∆VCb(s) +
db

2∆VCb(s)

LbCb
+
dbRV ∆VCb(s)

Lb
= −dbVCb∆db(s)

LbCb
− sILb∆db(s)

Cb
(303)

Then, the clamping voltage and duty cycle variation can be isolated in the equa-
tion 303.

∆VCb(s)

(
s2 +

dbRV

Lb
+

db
2

LbCb

)
= ∆db(s)

(
−dbVCb
LbCb

− sILb
Cb

)
(304)
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Figure 144 – Small-signal AC model of the clamping converter with the Laplace trans-
form

Source: Own elaboration

So, the equation 304 can be written as a new equivalent circuit applying the
Laplace Transform, as shown in figure 144.

Finally, the transfer function that represents the clamping voltage variation as a
function of the duty cycle variation is presented in equation 305.

∆VCb(s)

∆db(s)
=
−
(
sILb
Cb

+ dbVCb
LbCb

)
(
s2 + sdbRV

Lb
+ db

2

LbCb

) (305)

Note that the transfer function presents the average inductor current and clamp-
ing voltage, so they can be imposed by the designer. Also, the virtual resistance act as
a first order damping factor.

B.0.3 Transfer Function Validation

It is possible to validate the transfer function by applying the AC Sweep tool in
the converter circuit and in the transfer function adopting a simulation software.

Therefore, the amplitude and phase of both theoretical transfer function and the
switched model can be plotted in the same bode diagram.

In order to acquire the bode diagram, some variable must be defined as repre-
sented in table 14.

The transfer function should be validated in the region which the controller will
be applied. Usually, the cut-off frequency of the controller is one decade smaller than
the switching frequency. So, figure 145 illustrates the bode diagram of both models until
10 kHz.
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Table 14 – Specifications for the transfer function validation of the Buck Converter volt-
age input

Specification Value
Buck inductor current (ILb) 4.167 A

Buck capacitor voltage (VCb) 220 V
Buck inductor (Lb) 450 µH
Buck capacitor (Cb) 18.8 µF
Buck duty cycle (db) 0.218

Buck series resistance (RV ) 0.2 Ω

Source: Own elaboration

Figure 145 – Bode diagram of the model and simulated clamping voltage transfer func-
tion

Source: Own elaboration
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APPENDIX C – VOLTAGE PI CONTROLLER
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APPENDIX D – CURRENT PI CONTROLLER
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