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RESUMO

Esta dissertacdo de mestrado apresenta a analise matematica, o
dimensionamento, simulacdo e resultados experimentais de um
Conversor Flyback Modificado (200 W), operando em Modo de Corrente
Continua (MCC), usando Transferéncia de Energia Capacitiva para
implementacdo de um carregador de bateria sem fio especificado a um
Veiculo Elétrico (VE) de 58 V. O prot6tipo possui uma eficiéncia global
de 86%, é comutado a 300 kHz e é composto por dois estagios: o primario,
off-board, conectado a rede elétrica de 220 V; e o secundario, on-board,
conectado a bateria. Estes estagios sdo acoplados por dois pares de placas
metalicas de cobre (500 mm x 500 mm) distanciados através de uma
camada de fibra de vidro com espessura de 1,5 mm, que atuam como
capacitancias de acoplamento entre os dois estagios na ordem de
nanofarads (nF). O ganho estatico encontrado, que ndo negligencia
ondulagcfes de tensdo ou corrente, juntamente com a caracteristica de
carga, foram importantes para precisamente limitar e entender regifes de
operacdo ndo tdo comuns na literatura, causadas pelo baixo acoplamento
capacitivo que resulta em uma alta excursdo de tensdo e uma elevada
frequéncia de ressonancia pelo circuito. De fato, o estudo é valido ou pode
ser facilmente adaptado para qualquer conversor PWM classico de quarta
ordem, e, portanto, discussdes fundamentais e significantes podem surgir.

Palavras-chave: Carregador de Bateria. Conversor Flyback Modificado.
Transferéncia de Energia sem Fio. Transferéncia de Energia Capacitiva.
Veiculo Elétrico.






RESUMO EXPANDIDO
Introducéo
Questdes e desafios importantes sobre veiculos tradicionais e elétricos sdo
abordadas, tais como autonomia e eficiéncia energética. A implementacédo
de um carregador com transferéncia de energia sem fio (Wireless Power
Transfer — WPT) € entdo proposta como uma forma de motivar o uso e a
pesquisa de veiculos elétricos, bem como eletromobilidade.

Objetivos

Revisar e avaliar os sistemas por acoplamento capacitivo (Capacitive
Power Transfer — CPT) e propor uma analise orientada a projeto de um
conversor Flyback Modificado, operando em Modo de Conducédo
Continuo (MCC) e aplicado em um sistema CPT, destacando suas
principais caracteristicas e peculiaridades, como ganho estatico e
caracteristica de carga. Outro objetivo a ser cumprido nesta dissertacdo é
o de divulgar e incentivar mais linhas de pesquisas na area WPT,
mostrando sua importancia a sociedade.

Metodologia

A estrutura do banco de baterias do Twizy € modelada para definir as
especificacdes do conversor proposto. S&0 em seguida descritas algumas
aplicacdes e conceitos basicos sobre WPT, e uma breve revisao tedrica do
campo elétrico associado a capacitancia de placas metalicas €
apresentada. A partir de uma revisdo bibliogréfica, as principais
topologias e conversores aplicados em CPT séo descritos e comparados.
Com o projeto topoldgico e o design das placas metélicas definidos, €
feita uma analise orientada ao projeto do conversor CC-CC. O
dimensionamento de todos os elementos é detalhadamente descrito nesta
dissertacdo. Para se obter frequéncia de comutacéo elevada, é construido
um gate driver, cujo os resultados e dimensionamento é apresentado em
apéndice. E construido um prot6tipo que possui as seguintes
especificacdes: conectado a rede elétrica de 220 V, poténcia de 200 W,
frequéncia de comutagdo de 300 kHz, capacitancia de acoplamento na
ordem de nanofarads (nF), distanciamento entre as placas na ordem
milimétrica (mm) e eficiéncia global de 86%. Os resultados obtidos séo
apresentados ao final.

Resultados e Discusséo

S80 apresentadas as caracteristicas e dimensionamento de conversor
Flyback CC-CC modificado para transferéncia de energia sem fio (WPT)
através de transferéncia de energia por acoplamento capacitivo (CPT)



com grampeamento passivo. E verificado que frequéncias de comutago
elevadas sdo fundamentais para vencer a impedancia provocada pela
baixa capacitancia dos capacitores de acoplamento. Além disso, conclui-
se que as tensdes de entrada e saida refletidas ao capacitor de acoplamento
do conversor devem também se manter elevadas para haver maior
transferéncia de energia. Além disso, é verificado que o0 baixo
acoplamento capacitivo, naturalmente esperado de um sistema CPT,
resulta em frequéncias de ressonancias pelo circuito comparadas a
frequéncia de comutacdo; e um alta execurcao da tensao pelo circuito que,
consequentemente, é refletida aos elementos comutadores. Por esse
motivo, 0 ganho estatico convencional encontrado na literatura, que
negligencia as ondulacbes de tensdo e corrente no capacitor de
acoplamento, ndo é adequado e uma nova abordagem é proposta. Outra
consequéncia da baixa capacitancia é o surgimento de dois modos de
operacdo incomuns, devido a descontinuidade da tensdo no diodo. A
principal contribuicdo para a literatura é a seguinte; uma analise da
caracteristica de carga de todos os modos de operacdo do conversor
contida na mesma corrente média de saida parametrizada. A topologia,
ganho estatico, caracteristica de carga e limite entre modos de operacédo
nao tdo comuns, como por exemplo o modo discontinuo quasi-ressonante,
sdo apresentados. Os resultados finais dos experimentos mostram que as
formas de onda e célculos teéricos representam os efeitos fisicos na
pratica e que o dimensionamento foi adequado.

Consideracdes Finais

Trabalhos futuros e propostos incluem elevar a frequéncia e,
consequentemente, diminuir a ordem de grandeza do acoplamento
capacitivo para picofarads (pF), aumentando assim o distanciamento das
placas para a ordem de centimetros (cm); fazer uso de técnica de
grampeamento ativo, realizagdo de comutacao suave através de métodos
convencionais e, ou, através dos modos de operacéo diferentes do CCM.
Em se tratando de conversores PWM, buscar arquiteturas com alto ganho,
uma vez que é comprovada teoricamente a elevacao da poténcia maxima
permitida. Além disso, propde-se 0 uso de conversores que ndo seja o uso
do transformador Flyback para adequacéo de ganho, controle de poténcia
no estagio secundario e realizar PFC. No campo te6rico, analisar com
mais detalhes os outros modos de operacdo, equacionando valores
maximos, minimos e eficazes, e, inclusive, utilizando o0 mesmo plano da
corrente parametrizadas mostrada nesta dissertagdo. Aliar estes conceitos
a inclusdo de resisténcias série equivalente e entre outras perdas para
gerar curvas de eficiéncia conforme a variagdo de parametros, de modo



gue se faca uma metodologia de otimizacdo baseada em eficiéncia,
separacao, acoplamento das placas e capacidade de transferéncia de
energia.

Palavras-chave: Carregador de Bateria. Conversor Flyback Modificado.
Transferéncia de Energia sem Fio. Transferéncia de Energia Capacitiva.
Veiculo Elétrico.






ABSTRACT

This master’s thesis presents the mathematical analysis, sizing,
simulation and experimental results of a 200 W Modified Flyback
Converter operating in Continuous Current Mode (CCM) applied in
Capacitive Power Transfer (CPT) for wireless battery charging
implementation, specified for a 58 V Electric Vehicle (EV). The
prototype has an overall efficiency of 86%, it is switched at 300 kHz and
it is comprised of 2 stages: off-board primary grid-connected (220V); and
an on-board secondary battery-connected. These stages are coupled by
two pair of copper metal plates (500 mm x 500 mm) separated through a
1.5 mm fiberglass layer, which act as coupling capacitances between the
two stages in the order of nanofarads (nF). The found static gain that does
not neglect neither voltage or current ripples, along with load
characteristic, were important to precisely limit and understand regions of
operation not so common in the literature, caused by the low capacitive
coupling which results in large voltage excursion and high resonant
frequency throughout the circuit. Indeed, such study is valid or may easily
be adapted to any classical fourth order PWM converter, and, therefore,
further significant fundamental discussions may arise.

Keywords: Battery Charger. Capacitive Power Transfer (CPT). Electric
Vehicle. Modified Flyback Converter. Wireless Power Transfer (WPT).
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1 INTRODUCTION

This chapter presents a contextualization of electric vehicles and
wireless power transfer regarding its importance towards electric mobility
and sustainability.

1.1 Contextualization

Globally, transport accounted for 25% of total CO, emission in
2016, around 8GtCO,, 71% larger than in 1990 [IEA, 2018]. As shown in
Figure 1.1 (a), in the Americas, transport was the largest emitting sector,
accounting for 36% of total emissions. Specifically, it reached 48% in
Brazil, totalizing up to 8% of the total transport emission in the continent,
while USA accounts for more than 66%. As it can be seen in Figure 1.1
(b), transport on roads corresponds to more than 70% of the global
transport CO; emission.

Figure 1.1 — IEA data: (a) CO,emissions by sector for selected regions, 2016;
(b) Global transport CO, emissions by subsectors.
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Oceania

*At the regional level, transport does not include *Other includes rail, pipeline and non-specified.
international marine and aviation bunkers. Air and water include international bunkers.

(a) (b)
Source: Adapted from [IEA, 2018].

It is well known that conventional vehicles are not only highly
polluting but also very inefficient. Considering the Otto cycle, only 30%
of the fuel’s chemistry energy is converted into kinetic energy, being
worsen for low rotation (5% to 10%) and averaging 15% in an urban
scenario. In general, efficiency of the best engines is quite low (<50%),
as presented in Figure 1.2, and there is not much that new heat engine
technologies can do about it. Obtaining energy from temperature is tough,
and it is highly associated with the concept of entropy.



Figure 1.2 — Thermal energy efficiency.
Gas turbine combined engine

50 |Large, slow-speed marinediese/,lﬂ_gme_ /-
. Mgdiunil-speed
L marine diesel engine

40 ’ Thermal power
. High-speed i
g diesel engine/ generation
= (for trucks) i Nuclear poTer
230 / Gas engine generation
2 Gas turbine
£ — Four-stroke
w20 gasoline engine
E (for passenger cars)
[
= 10 | Two-stroke gasoline engine

Engine output
(higher calorific value criteria)
0 1 I | | L J
0.001 0.01 0.1 1 10 100 1000
Output (MW)
Source: [1].

For example, electricity is highly ordered and, therefore, presents
very low entropy which enables electric energy to be converted into other
forms of energy very efficiently (about 90% in electric motors, being
t for any rotation, as presented in Figure 1.3), as
opposed to thermal energy. Thus, these features confirm that an electric
engine is from 30% to 40% more efficient than a combustion engine in

relatively constan

the current scenario.

Figure 1
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Another advantage of EVs are their regenerative breaking, a
straightforward technology able to transform the loss of Kinetic energy
during a breaking into electric power, making it ideal for urban transport.

According to [3], hypothetically considering a certain scenario in
Brazil of mass adoption of pure or hybrid EVs, it would result in a 41%
reduction in gasoline consumption by 2031, accompanied by an increase
in electricity consumption of 42.1% larger than the official projection,
bringing energetic efficiency by reducing 27.5% of Brazilian fleet’s
energy consumption. It is also affirmed that such scenario is only possible
to reach if public polices, currently almost inexistent in Brazil, of
reinforcement of EVs, pure or hybrid were adopted, as with ethanol and
flex fuel automotive technologies that were once successfully adopted in
Brazil.

Therefore, given a privileged renewable energy source as found
in Brazil and increasingly growing, the use of EVs would play a key role
in mitigating the emission of harmful gases. This would be one of the
major factors for strengthening interest in the use of EVs, both from the
costumer as well as automotive industry sides.

However, EVs do not have the same practicality as its energy
storage and charging time are limited when compared to traditional
fleet, since battery technologies have not evolved enough to follow the
required demand.

The stored energy in gasoline is about 12 kWh/kg, whereas the
energy density found currently in a lithium-ion battery pack is about 100-
150Wh/Kkg [4]. Therefore, the energy density found in a fuel car is one
hundred times larger than in EVs. Considering the energy efficiency, the
usable ratio drops to nearly five, still a large amount of volume and weight
to overcome. Although the technology of energy storage devices and their
recharges are evolving at great strides, such as lithium-air (400-500
Wh/Kg [4]), which uses air oxygen for chemical reaction [5], the price
embedded in them would continue to be a major bottleneck in expanding
the use of EVs.

Therefore, its low energy density and longtime charging causes EV
cost and autonomy way less attractive than traditional fleets. Thus, the
success of its real popularization will only be achieved thorough parallel
technologies that increase its viability, autonomy, practicality and are still
efficient. In this context, wireless power transfer (WPT) is an important
factor to facilitate the expansion and adoption of EVs. The development
of a wireless battery charging system can result in an autonomous, safe
and human-free charging, reducing the risk of accidents and increasing
convenience [6].



Regarding wireless power transfer, the only type found
commercially in EVs is the loosely coupled inductive type. This is a very
mature and leading technology, with overall efficiency (from grid to
battery) reaching impressively 94% [WiTricity, 2016]. However, much
of its drawback is related to cost, volume and weight (requires Ferrite
core and Litz wire), EMI and is greatly affected by metal proximity, due
to the presence eddy currents, which decreases its efficiency and puts in
danger the vicinity by increasing surrounding temperature.

A relatively new line of research can overcome the challenges
faced by inductive types. It consists in the use of capacitive power
transfer (CPT), as presented in Figure 1.4, that is, by means of electric
field, instead of magnetic field. As it will be demonstrated through this
master’s thesis, a high-performance CPT for EV charging and industrial
application is able to yet gain market.

The project in this master’s thesis is supported and funded by
ENGIE company as part of the project R&D021 of the Brazilian
Electricity Regulatory Agency (ANEEL) and it is also supported by the
Brazilian National Council for Scientific and Technological Development
(CNPQ).

Figure 1.4 — Diagram concept of a WPT charging through CPT.

Side view

Front view

[
Source: Own elaboration.



1.2 Objectives

This master’s thesis aims to present the conception, mathematical
analysis, sizing, simulation and experimental results of a 200 W modified
Flyback converter applied in capacitive wireless power transfer (CPT)
system for battery charging implementation specified for the EV Renault
Twizy, available for R&D purposes at the Solar Energy Research
Laboratory (Fotovoltaica) at Federal University of Santa Catarina.

1.2.1 General objective

Design-oriented analysis of a modified Flyback converter applied
in capacitive power transfer.

1.2.2 Specific objectives

e Toreview and evaluate CPT systems;
To disclose and encourage more WPT lines of research
and its importance towards society;

e Integration and selection of the CPT topology;

e Sizing and definition of the desired parameters, such as
frequency, voltage and air-gap;

e Modeling and simulation of the converter;

e Prototyping the converter.

1.3 Scope of this Thesis

Structure of this dissertation is comprised of 9 chapters at total and
13 Appendixes. In this current Chapter 1, important issues regarding
traditional and electrical vehicles have been addressed. The WPT
implementation is then proposed as a way of motivating the use and
research about EVs.

In Chapter 2, a brief view is made regarding EVs and its battery
charging systems so as to introduce the main specification of the Twizy
and its battery charger. The Twizy Battery pack is modeled and from this
information the proposed converter will be specified accordingly.

In Chapter 3, the main general WPT topics are covered, but mainly
CPT system are detailed. A brief historical context is presented and
subsequently, the main modern trends and applications are depicted.



In Chapter 4, the electric field and capacitance theories are
explained. The final sections of this chapter describe the modelling and
understanding of a CPT system.

In Chapter 5, a general review on the literature of converters
applied in CPT is covered, presenting their main advantage,
disadvantages and features.

In Chapter 6, it is presented the modified DC-DC Flyback
converter meant for wireless power transfer (WPT) through capacitive
power transfer (CPT). The main contributions to the literatures are found
in this chapter: an analysis of the converter contained in the same
parametrized output load current. The topology, static gain, load
characteristic and boundary between not so common modes of operation
are presented and proved through simulation.

In Chapter 7 the sizing and designing criteria is detailly presented.
Important equations to size the components are presented.
Subsequentially, it is presented an open-loop simulation and compared
with calculated values.

In Chapter 8, it is presented the experimental results of the
converter, validating in practice the theory presented in previous chapters.

In Chapter 9, the main conclusions are summarized and futures
studies are proposed.



2 EVTWIZY AND BATTERY CHARGER

In this Chapter, current and future scenario regarding EVs and its
battery charging systems are briefly presented so as to introduce the main
features of the Twizy and its battery charger.

2.1 EVs and battery charger systems: a brief overview

Despite the constraints of an EV presented in Chapter 1, the current
scenario of the EVs is already viable in some countries and promising
great expansion in the world market, even if still far from dominant.
According to [7], the battery pack corresponds to nearly 50% of the entire
vehicle costs. As presented in [8], the costs of a lithium battery are
decreasing rapidly from more than $1000/kWh in 2010, to $200-300/kWh
in 2016 and estimated as less than $100/kWh in 2030. The modelling of
the total cost of ownership presented in [8] have shown that by 2035, EVs
will cost less than conventional vehicles. Besides, it is shown that the EV
market also attends costumers worried about acceleration, instant torque
and overall power performances, as it already overcomes conventional
engines at same costs.

It is important to emphasize that the acquisition of EVs is seen not
only as a mere exchange between the conventional and the electric
vehicles, but also as a solid investment. Data from the US Department of
Energy present some reasons: (i) the price of electricity is 50% cheaper
than gasoline, even considering the history of oil volatility. In addition,
electricity prices are more stable, helping to keep costs predictable and
easier to maintain your budget; (ii) additional discount of the electric
energy is foreseen, in order to encourage the use in nocturnal and out-of-
point schedules; (iii) in general, purely EVs require less maintenance, as
there are fewer fluids (such as oil and transmission fluid) to exchange as
well as fewer moving parts, such as the regenerative brake system lasts
longer than a conventional brake system; and (iv) the initial tax incentive
of US federal and state governments helps lowering the high price of EV
acquisition.

The electric vehicles can be characterized as:

o Battery Electric Vehicles (BEV), are usually referred as
simply EVs and are fully-electric vehicles with
rechargeable batteries;

e Plug-in Hybrid Electric Vehicles (PHEV), have both
combustion and electric engines. The batteries are



recharged through plugging in an external electrical power
source or regenerative braking;

Hybrid Electric Vehicles (HEV), have both combustion
and electric engines. However, they cannot be recharged
electrically through external power source. The
recharging process is performed through regenerative
braking system.

Fuel Cell Electric Vehicles (FCEV), use hydrogen,
oxygen and electrolyte to convert chemistry energy into
electric energy.

According to [4], EVs can also be featured in size and autonomy
(A: very small cars; B: small cars; C: medium cars; D: upper-medium
cars; E: executive cars; F: luxury cars; S: sport cars; M: multi-purpose
vehicles; J: sport utility vehicles (SUVs)). For BEVs, the small (A) and
very small types (B) is the most common segment. Therefore, these pure
EV types range at maximum 150 km to 200 km.

In order to supply the already large demand in USA, consumers
and fleets need access to electric charging stations, also known as EVSE
(Electric Vehicle Supply Equipment). According to the American
department, the chargers are standardized in 3 types, or levels: AC Level

1 Charging,

AC Level 2 Charging and DC Fast Charging:

The Level 1 charger provides charging from 120 V AC
voltage and 15-20 A dedicated circuit. They are
commonly used residentially at night or at workplaces and
can deliver 3.2 km to 8 km of range per hour of charging.
Level 2 types can also be used at home with 208/240 V
AC. However, because they have the option of operating
at up to 19.2 kW, they require dedicated circuit of up to
80 A. They are commonly used as public charging stations
and can deliver 16 km to 32 km or range per hour of
charging.

DC Fast types, despite the abbreviation DC in reference to
direct current, it requires alternating three-phase voltage
of 480 V as power supply. These chargers feature
impressive charging times, delivering 96.5 km to 129 km
of range in 20 minutes of charging. They are mostly used
in public charging stations, nearby of heavy traffic
corridors.



The chargers are also specified as on-board or off-board. On-board
chargers are simply plugged in to the grid and power is limited due to size
and weight. On the other hand, off-board chargers are outside of the
vehicle and are intendent for higher power, such as the DC fast charging
system.

The US Department website has an interactive map showing
24,847 public power stations in the country [9]. It is possible to simulate
routes that display the available stations. As an example, a route was
simulated between Los Angeles and New York, totalizing 1264 charging
stations along the route.

Figure 2.1 — 1264 EV charging stations across L.A-NY route.
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Popular measures are being taken to promote marketing, such as,
the company Nissan, which announced under the motto "no charge to
charge" that in certain regions in USA, owners of the purely electric
Nissan LEAF car would have for two-year free recharging at their DC
Fast charging stations. Moreover, government incentives are also being
taken in developed countries, such as USA [10] and Europe [11]. Such
facts confirm that electric vehicles are, in fact, becoming increasingly the
final choice of the consumer.

In Brazil, some incentive to expand EV’s culture are being
introduced. Such as, the Smart Electric Mobility Program (Mob-i)
launched in 2014, a joint program between Itaipu Binacional, Renault and
Ceiia [12] created to develop technologies to support a new generation of
electric urban mobility. Thanks to this program, a Renault Twizy was
ceded to the Fotovoltaica/UFSC Solar Energy Research Laboratory at
Universidade Federal de Santa Catarina.

As it can be seen, the charging of EVs is being performed mostly
through conventional and, therefore, contact stations. However, they do
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not meet the expectation of demanding users who are concerned with
greater practicality and security.

2.2 EV Twizy

The Twizy, shown in Figure 2.2, is a compact (class A) two-seater
(one seat in front and one in the back) and reliable urban BEV. It has been
manufactured by Renault since 2012. General specification provided by
owner manual [13] are presented in Table | and Table II. Due to its size,
it is also classified as a heavy quadricycle. In general, the Renault Twizy
is commercially available in Europe with costs starting from 6,990 €.

Figure 2.2 — Renault Twizy representation with Mob-i logo.

2.33,77

A%'

Source: Own elaboration.

Table | — Physical and general specification of the Twizy.

Specification Value
Height 1.45m
Length 2.33m
Width 1.23m

Total weight 474 kg
Maximum 80 km/h
Range 90 km
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Table Il — Twizy electric specifications.

Specification Value/Type
Battery type Lithium-ion
Battery weight 100 kg
Capacity 6.1 kWh
Charging time 35h
Grid voltage 220V
Slow charge 10A
Battery voltage 58 V

The rated power of the converter, considering 220 V rms and 10 A
rms from grid, can be estimated as 2200 W. Indeed, Twizy charger is an
ELIPS 2000 W Charger converter, as shown in Figure 2.3, whereas Motor
is controlled by a SEVCON AC controller, presented in Figure 2.4.

Figure 2.3 — ELIPS 2000 W Charger converter.

Source: [www.ies-synergy.com].

Figure 2.4— SEVCON AC controller.

Source: [http://www.sevcon.com].
2.3 Twizy Battery

This section is divided into two subsections: The first, describes
and presents the main advantages and features of the Twizy lithium-ion
battery; the second, presents the estimated modeling of the battery pack
used in Twizy.
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2.3.1 Twizy Lithium-ion battery

The Twizy battery pack is provided by LG Chem company, a
leading global automobile battery supplier, such as Ford Focus, Renault
Zoe and GM Bolt.

The LG Chem polymer electrode/lamination is the simplest
structure, as presented in Figure 2.5. Notice that voltage range of this
structure still maintains a well-known lithium-ion voltage characteristic,
that is, from approximately 3.0 V to 4.2 V, as shown in Figure 2.6

Figure 2.5 — LG Chem polymer electrode.

Source: [LG Chem, 2019].

Figure 2.6 — Typical charging of a lithium-ion battery using CC-CV methods.
Trickle . Constant : Constant End of
Charge : Current (CC): Voltage (CV) * charging
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Source: Adapted from [14].

The LG Chem polymer cell is composed of a ‘Stack & Folding’
structure from the LG Chem polymer electrodes, as presented in Figure
2.7. This is a differentiated solution and increases compactness with
respect to conventional winding polymer structures. Theses polymer
electrodes are folded and sized until a desired capacity (Ah) is reached.
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Figure 2.7— LG Chem’s patented ‘Stack & Folding’ structure.
[ |
Bi-cell Lamination
VL

Bi-cell folding
Source: Adapted from [LG Chem, 2019].
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From the electrode size, passing through the cell design until the
pack structure, the battery design is optimized for different automobile
manufacturers, presenting a highly critical design flexibility, as presented
in Figure 2.8.

Figure 2.8 — LG Chem Battery design flexibility.
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Cell are constructed by changing the size of the
electrodes as well as the number/capacity of stacked
pouch batteries.

Source: Adapted from [LG Chem, 2019].

Maximized capacity through
changes in the cell design.

Modeling the state of energy in a battery is crucial for the energy
management and performance optimization. The high degree of
flexibility in the cell level makes its challenging to find exact and official
information about the capacity of a single cell and number of modules or
packs contained in a given EV supplied by LG Chem. According to [15],
the Twizy battery pack consists of 42 cells, arranged in 7 modules each
with 6 lithium cells (2 serial blocks each containing 3 cells fitted in
parallel — 2S3P), as presented in Figure 2.9 Each cell contains a total
capacity of 43 Ah. To validate and confirm this information, this
configuration will be modeled and compared to official data.
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Figure 2.9 — Estimated Twizy battery pack assembly.
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Source: Own elaboration.

In a lithium-ion battery pack, it is of great importance regarding
safety and durability to measure and control voltage and temperature
levels in the cells. However, there is a compromising between detailed
output information and cost. Therefore, the measurements are performed
in a group of cells. As shown in Figure 2.9 — Estimated Twizy battery pack
assembly., for the Twizy’s LG Chem battery pack, 14 voltage
measurements are collected (one for each parallel string — 2 for each
module) and 7 temperature measurements are collected (1 for each
module).

Notice that voltage measurement at the level of each string of cells
are enough, since there is a natural self-balancing tendency, whereas
serial cells are critical and require either passive or active balancing [16].
Therefore, considering same energy, relatively low battery voltage levels
(< 60 V) are not only safer, but also easier and cheaper to manage, when
compared to high battery level, such as 384V found in the Nissan Leaf.
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Itis presented in Table 11l and Table IV, respectively, the estimated
voltage and capacity values at each level of the Twizy battery pack.

Table 111 — Estimated voltage configuration.
Voltage Vmin V minsafe Vrom V maxsafe V max
Cell 275V | 328V 3.75V 413V 43V
Module 55V 6.56 V 750V 8.26 V 8.6V
Pack 385V | 4592V | 5250V | 57.82V | 60.2V
Table IV— Estimated capacity configuration.
Level Cell level Module level | Battery level
Full Capacity 43 Ah 129 Ah 129 Ah
Full Energy 161.25 Wh 967.5 kWh 6.77 KWh
Usable Capacity 38.70 Ah 116.1 Ah 116.1 Ah
Usable Energy 145.12 Wh 870.75 Wh 6.10 kwh

2.3.2 Twizy battery pack modeling

According to [15], the charging process of a Twizy battery consists
of two sections, the “CC” (constant current) until SoC reaches 94%,
taking about 180 minutes long always followed by the “CV” (constant
voltage) which takes about 40 minutes. In the CC mode, the charge speed
is mostly linear, whereas in CV mode, it is non-linear and slow. It is worth
mentioning that other external factors will interfere in the charging
process, e.g., temperature, unbalanced cells and state of health, according
to the BMS. The State of Charge (SoC) can be approximately defined by
(2.1), as presented in Figure 2.10.

SoC(t) = SoC, +|L“t (2.1)

bat
Where:
e SoC, is the initial state of charge;
e |, isthe constant current (CC) value (A);

e Q, is capacity of the battery (Ah).



16

Figure 2.10 — Estimated Twizy Battery SoC for 36 A charging.
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There are many electrical equivalent circuits to represent the
electrical and chemical interaction in a lithium-ion battery. When dealing
with electrical engineering subjects, purely electrical models are intuitive
and time-saving. The dual polarization equivalent circuit, presented in
[17] is accurate, presenting the best tradeoff between accuracy and
complexity and relatively easy way to model a lithium-ion battery.
Therefore, this equivalent circuit will be used to model the Twizy battery
pack. According to [17], the error is kept within 1 mV for all the curve
fittings.

This equivalent circuit, presented in Figure 2.11, adds another RC
pair to its simpler version, Thevenin model, in order to consider the
dynamic in the final moments of complete charge and discharge.

Figure 2.11 — Dual polarization equivalent circuit
CTS CTL

}_

Source: Adapted from [17].
Where:

e V. isthe internal open circuit voltage (V);
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Vi i the terminal voltage (V);

R is the series resistance responsible for instantaneous
voltage drop of the step response (Q2);
RisC;s is responsible for modeling short-time constant (s);

R, C,, is responsible for modeling long-time constant (s).

These parameters are non-linear dependent on the SoC, current,
temperature and cycle number, but can mostly be approximated as
functions of the SoC. In [17], ten new 850 mAh TCL PL-383562
polymer Li-ion batteries were tested, from which the following averaged
functions were extracted:

Voc (SO0C) =-1.031e % + 3,685+ 0.2156S0C

(2.2)
—0.1178S0C? + 0, 3201S0C?

R (SoC) =0.3208e**%C +0.07446 (2.3)
Ris (SoC) =0.3208e 2+ +0.07446 (2.4)
SoC) =—752.9¢ % 1+ 703.6 (2.5)

S
Ry, (SoC) =6.603e "% +0.04984 (2.6)
SoC) =—6056e 22%C +4475 (2.7)

L

Applying Kirchhoff’s voltage law in Figure 2.11, the battery’s
terminal voltage is given in (2.8).

=t
Vo (1) =Vo (1) = lauR, (1) + L {Le%“)ﬂ

-t
+1 - (l_ eRTL(t)CTL(t) \J

(2.8)
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It is necessary to scale these extracted parameters according to the
Twizy battery pack configuration presented in Figure 2.9. Therefore the
following factors: ratio, , presented in (2.9), is applied in (2.2); ratioy ,
presented in (2.10), is applied in (2.3), (2.4) and (2.6); ratio. , presented
in (2.11), is applied in (2.5) and (2.7);

ratio, =n,,,. =14 (2.9)
ratio, = —oPeamin  Meris _ (09 (2.10)
apCeIITCL PL-383562 nparallel
ratio, = tl =10.84 (2.11)
ra

R

Afterwards, it is possible to plot the terminal battery voltage (Vbat)

and open circuit voltage (VOC)With respect to the SoC, as presented in
Figure 2.12.

Figure 2.12 — Estimated Twizy Battery voltages for 36 A charging.
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Source: Own elaboration.

2.4 Final considerations

In this Chapter, it was shown that EVs are not only currently
playing an important role in the market, but also will overcome in quality
and numbers the conventional cars. It was concluded that the success of
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EVs highly interacts with lithium-ion battery technologies and charging
converters. As the converter presented in this thesis is specified for a
Renault Twizy, understanding its recharging process is crucial for
product-oriented analysis. The results of the modelling were satisfactory
as some results such as voltage range and recharging time were
comparable with results found in practice.
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3 WIRELESS POWER TRANSFER

In this Chapter, the WPT technology types and features are
introduced. Comparisons between IPT and CPT types are presented. At
first, it is also presented the main topics and trends on applications of
WPT systems.

3.1 WPT applications
3.1.1 Electric Mobility

Besides stationary charging, theme of this thesis, Dynamic
Wireless Power Transfer (DWPT) charging applied in vehicles while
moving, including trains, planes and drones is achievable. The use of
DWPT associated with electric buses as public transportation can fully
enhance logistic and mobility, as in the case of KAIST’s Online Electric
Vehicle (OLEV) system in Korea [18], which 100 kW is transferred over
a 20 cm of air-gap and 85% efficiency is achieved. Moreover, the
relatively easy adoption of in-motion charging systems would result in a
reduced battery bank and, hence, cheaper and lighter for the owner [19].
In Figure 3.1 (a), it is presented a DWPT charging implementation based
on arrays of adjacent transmitter coils, therefore using IPT technology. In
Figure 3.1 (b), it is presented the same concept for adjacent transmitter
plates using a CPT system [20].

Figure 3.1 — Example of a DWPT EV charging: (a) IPT application, (b) CPT

application.
n-board Plate
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v
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(@) (b)
Source: [19], [20].

3.1.2 Electronic devices

Charging a mobile phone is a common scene nowadays. It brings
not only convenience, but also safety. A table containing small wireless
power networks is able to provide power to laptops and mobiles, as
presented in Figure 3.2 (a). It is even possible to wireless charge not
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having to place mobile phones on a surface, shown in Figure 3.2 (b), but
simply holding or using them, as presented at Disney Research
Laboratory and named as Quasistatic Cavity Resonance (QSCR).

Figure 3.2 — (a) A working table charging wirelessly (CPT) multiple devices,
presented by Murata, (b) Multiple devices being charging (IPT) using QSCR.

LED sphe?e
Mobile
phone

Source: [Murata], [21].
3.1.3 Biomedical

Powering an implantable device wirelessly, as shown in Figure 3.4
(b), leads to less discomfort, less risk of infections, ease of
communication and real time data acquisition. All of this can be
implemented using the concept of Internet of Things, which can send
alerts or diagnostics to the user or a doctor nearby. It can also provide
electrical stimulation in sensory areas, as presented in Figure 3.4 (a).
However, some safety issues must be addressed, as electromagnetic
waves highly interact with human tissue and other body parts.

Figure 3.3 — Biomedical examples: (a) Electrical stimulation (IPT), (b)
Charging (CPT) an implant device.
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Source: [22].
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3.1.4 Industry and Robotic

Wireless power transfer finds application in industry, such as the
automotive manufacture industry. The world’s first monorail system that
utilized a non-contact power supply was created by Daifuku in 1993. The
benefits include high reliability and durability, reduced maintenance and
cost and increased safeness. In Figure 3.4 (a), it is presented autonomous
programable mobile robots from WiBotic. These intelligent robots can be
used in logistic application for highly flexible warehouses without the
need of constantly monitoring and managing their batteries. In Figure 3.4
(b), it is presented a configuration of robot arms using WPT.

Figure 3.4 — Industry and Robotic examples: (a) Autonomous robots from
WiBotic (IPT), (b) Robot arm configuration (IPT).

WiBOTIC

@)
Source: [WiBotic, 2019], [23].

3.1.5 Military, Defense and Surveillance

Easily charging an equipment can enhance military and defense
mission. It improves safety, capabilities and reduces battery weight. In
Figure 3.5 (a) is presented an image from Solace using CPT systems to
recharge defense equipment. In Figure 3.5 (b), it is presented a drone
being charged in-flight, without the need of a landing pad to recharge.

Figure 3.5 — (a) Military application (CPT), (b) Surveillance application (IPT).

(@)

Source: [Solace], [GET].
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3.2 WPT systems

Lines of research on WPT topic is dived into two large groups,
acoustic field and electromagnetic field, as shown in Figure 3.6.

Figure 3.6 — Types of wireless power transfer.
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3.2.1 Acoustic

For low power application, usually, an acoustic energy system
consists of primary and secondary, both containing ultrasonic
piezoelectric transducer and separated by a transmission medium, as
shown in Figure 3.7.

Figure 3.7 — A typical acoustic energy system.
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Source: [24].

The main important elements in this system are: power converter,
rectifier, transmission medium and transducer. According to [24], the
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multiple transceiver design offered 100% efficiency of energy
transmission which is 7.24 mW output power.

3.2.2 Far field: laser and microwave

Figure 3.8 — Far field energy transfer example.
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Source: [25].

In the far-field type, power is transferred from very distant places.
This type can also be subdivided into two types: optical, which uses light
wave length produced by lasers; and quasi-optical length wave
microwave. A technology, called Solar Power Satellites (SPS) promises
to deliver energy from solar power in satellites to Earth, Earth to space
station, satellite to satellite and even Earth to Earth in very remote places.
Asian countries, mostly Japan (Japan Aerospace Exploration Agency) is
working on an ambitious project [25] to develop by 2030 a 1-gigawatt
commercial system, as shown in Figure 3.8.
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3.2.3 Inductive Power Transfer

Sometimes considered innovative and futuristic, the loosely
coupled inductive power transfer is not a new concept. In fact, these
experiments date back to the late 19" century and were first demonstrated
by Nikola Tesla. In his biography, it is highlighted the tough victory in
the war of the currents, more than 200 worldwide patents that includes
the alternating induction motor, polyphase generation system and also the
invention of the radio.

Moreover, Tesla had left a motivation in the popular imagination:
a free transmission of electricity without the use of wires through the
entire globe. Myth or truth, it is important to point out that from the
concepts of the Tesla Coil, one of his most famous inventions, the first
step on the WPT had begun. Figure 3.9 (a) presents one of Tesla’s most
famous picture and the Wardenclyffe Laboratory in which Tesla was
envisioning the transmission of voice, pictures and power, presented in
Figure 3.9 (b).

Figure 3.9 — (a) Nikola Tesla sitting besides its Tesla Coil and (b) The
Wardenclyffe Laboratory and the World ereless System (1901- 1906)

Source: [26].

With an altruistic and controversial view that energy could be
transmitted on freely to any inhabitant of the Earth, his Wardenclyffe
Laboratory’s research was interrupted due to the discontent of financiers.
Unfortunately, Tesla, a major contributor to the development of the 21st
century, died with the reputation of a mad man due to his great sensitivity
and perception about a better future for humanity, much ahead of his time.



27

Just over a half century later after Tesla’s death, inductive WPT
research was reappeared when Croatian Prof. Marin Soljaci¢ brought a
lot of attention after demonstrating in 2007 at the Massachusetts Institute
of Technology (MIT) to be able to light a 60 W incandescent light bulb at
two meters away with 40% efficiency. Afterwards, they founded the first
company, Witricity, solely dedicated for WPT purposes. They claim a
new system capable of operating at 3.7 kW to 11 kW about 91% to 94%
overall efficiency [27].

Figure 3.10 — A stationary EV wireless charging using IPT from Witricity.
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Source: [Witricity].

The IPT, since the time of Tesla the most versatile and famous,
represent most of the researches and commercial systems available
nowadays. In Figure 3.11, it is presented example of companies and
consortiums for both CPT and IPT system. Research on IPT focus on
three sub-areas: coil designs for better coupling and misalignment
tolerance, compensation topology and power converter for processing
efficiently high frequency waveforms.

Figure 3.11 — Some companies and consortiums: (a) CPT system, (b) IPT
system.
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Source: Own elaboration.
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3.2.4 Capacitive Wireless Power Transfer (CPT)

Although IPT is more common and popular, the first public
presentation about WPT, held by Tesla in 1891 at Columbia College, New
York, was actually through electrostatic induction, that is, capacitive
coupling as shown in Figure 3.12.

Figure 3.12 — Nikola Tesla performing the first presentation about WPT using a
CPT system at Columbia College, New York, in 1891.
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Source: [8].

A very interesting survey is presented in [28] about CPT and IPT,
showing their progress and comparison over the last decade until 2015.
When compared with IPT, the CPT is suitable for low power and short
airgap (< 1 mm) applications, as shown in Figure 3.13

Figure 3.13 — IPT Vs CPT: Efficiency and delivered power versus airgap.
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Another great challenge of CPT system that needs to be addressed
is the need for high frequencies (in the order of MHz) to transfer power
of the order of kW, shown in Figure 3.14. This occurs because the
capacitances formed in these medium airgap systems are very small, of
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the order of picofarads [29], which requires either very high voltages or
high frequencies to overcome the high impedance. In order to obtain
similar results to the IPT systems regarding air-gap and power transfer
capability, CPT systems require operating at very high frequencies above
10 MHz. These frequencies enables and prospect a drastic reduced size
and weight, high efficiency and large air-gap [30], [31], [32].

Figure 3.14 — IPT Vs CPT: delivered power versus frequency.
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Considering no dielectric, the voltage across the metal plates are
limited primarily by the air breakdown voltage; secondly, by the IEEE
standard C95.1 [33], which indicates a human exposure of maximum
voltage of 614V/m at 1 MHz. Frequency is limited by semiconductor
components. The high power and high frequency conditions suggest the
use of silicon carbide (SiC) or gallium nitrate (GaN) components.

Therefore, major focus of research on the part of the capacitive
wireless transfer is in the application of low power and small air-gaps.
Thus, a large topic still has to be covered with lines of research of
capacitive transfer to charge EVs in order to achieve results similar to the
inductive one, regarding power transfer capability and larger air-gaps.

3.2.4.1 CPT advantages and features

Some advantages stand out in a CPT system when compared to
IPT system, regarding the following:

e Metal interference — the capacitive coupling has the
advantage of not suffering interferences, both of power
and signal in metallic proximity [34], as shown in Figure
3.15. This characteristic is responsible, for example, for
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the implementation of brushless synchronous machines,
which are replaced by a CPT system to feed the rotor [35],
[36], power and date transfer with integrated circuits [37]
and robotic applications [38] and [39];

Figure 3.15 — Metal interference: (a) in a CPT system; (b) in an IPT system.
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Constructive aspect — Another important advantage is
the easy implementation with cost-effectiveness of the
transmitter and receiver structures, since simple metal
plates replace complex designs of planar coils made with
Litz and Ferrite, as presented in Figure 3.16. According to
[40], besides volume and weight reduction, a CPT can cost
40% less than an IPT charger.

Figure 3.16 — Constructive aspects of transmitters and receivers: (a) in a CPT

system; (b) in an IPT system.

(@) (b)
Source: Own elaboration.

EMI — It should be emphasized the minimization of EMI
due to the fact that the confinement of the electric field is
established between the positive and negative poles of the
metal plate pairs, unlike a magnetic field that form a loop
from one pole to another pole, as shown in Figure 3.17;
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e Intrinsic properties — the metal and medium found
intrinsically on a given structure can be used to act as
coupling capacitance and dielectric, such as, the use of
stray capacitances between the vehicles' own chassis and
ground [31], the use of wheels as dielectric medium [41].

Figure 3.17 — Electromagnetic lines: (a) in a CPT system; (b) in an IPT system.
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Figure 3.18 — Metal and medium can intrinsically be used to charge a vehicle.
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3.3 Final considerations

In this Chapter, some practical, advanced and current application
examples of WPT systems have been presented. Among WPT systems
for EV charging, it is highlighted the IPT type due to its efficiency, power
transfer capability, large air-gap and maturity in the market. However,
when compared to an IPT, there are some specific features found only in
a CPT system, such as power transfer through metal barrier. Besides, CPT
systems can achieve similar results regarding efficiency, power and air-
gap at the cost of very high frequencies (of the order of MHz). It is worth
noting that, as the coupling capacitance is weaker, any stray capacitance,
due to foreign object, or change in capacitance, due to climate conditions,
can interfere in the equivalent capacitance of the system and, therefore,
its performance can be compromised. Increasing voltage and frequency
is desirable to improve efficiency and power density, however it must be



32

carefully sized as the high voltage stress across the plates is limited by
breakdown voltage and human explosion voltage.
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4 ELECTRIC FIELD THEORY OVERVIEW

The aim of this Chapter is to briefly introduce and review some
fundamentals concepts necessary to understand a CPT system. The theory
is presented from the very first principle to complex structures.

4.1 Basic electrostatic

Michael Faraday introduced in XIX the idea of electric field
lines. These lines pull away from positive charges into negative charges.
In Figure 4.1 (), it is presented the electric field behavior produced by a
negatively charged point. Considering an infinite sheet, which is closer
approach to parallel plate capacitors, the electric field behavior is

presented Figure 4.1 (b). In both cases, the electric field E equation are
given in (4.1) and (4.2), respectively. Notice that, when considering an
infinite conducting sheet charge, the electric field is constant and do not
depend on the distance, but only on the charge density. The reader must
be wondering why bothering to discuss such unrealistic situations as the
fields produced by a pair of infinite charged plate. One reason is that it is
very easy to analyze these situations using Gaussian law. A more
important reason is that the analysis of "infinite" situations allows good
approximations for real problems, such as dealing with points near a plate
and fairly far from the edges. Therefore, the infinite case is analogous to
the electric field nearby of a very large metal plate.

Figure 4.1 — Electric field: (a) A negatively charged point, (b) a positively
charged infinite sheet.
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Source: Adapted from [42].

E-1 4 (4.1)
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E=— 4.2
2 (4.2)
Where:
1 . .
. e is the Coulomb constant equivalent to 8.99 x 10°
TE,
N.m?/C?;

e ¢, is the vacuum permittivity, also called electric

constant, has the value 8.85 x 10 12C%/N.m?;
e q isthe electric charge given in Coulomb (C);

e 7 is the distance between a testing point and the charge
(m);
o is the charge density (C/m?).

When two opposite equally charged points are placed closer, it is
said to be a dipole. The interactions of the lines for punctual charges and
a pair of infinite charged plate are presented in Figure 4.2 (a) and Figure
4.2 (b), respectively. For the case of a punctual electrical dipole, the
electric field found in the vicinity is presented in (4.3). When z>>d,
the electric field is approximated as in (4.4). According to (4.1) and (4.4)
it is possible to realize that the electric field produced by an isolate charge

decreases with the proportion 1/22 , Whereas a dipole is proportional to

1/Z3 . The quicker decrease in a dipole case is due to the opposite electric
field cancelation. Notice that, lower values for p, either charge or

separation, results also in lower electric field outside the objects.
Basically, this is the principle of the electric field behavior of parallel
plates charged oppositely with large area and very small separation. As
already explained in Chapter 3, it explains a main advantage found in CPT
system: the electric field tends to naturally be contained from a coupling
plate to another plate. This is totally different from a magnetic field,
which the lines of a magnetic field are always a loop.

For the case of a pair of infinite plates, the electric field is
expressed by (4.5). Notice that electric field is kept constant regardless of
the separation and the electric field is contained within the metal plates.



35

Figure 4.2 — Electric field line behavior: (a) dipole, (b) infinite metal plates.
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. q d
E =
27[8023 [ ( d jzjz (43)
I
22
= 1
E= 2re z_p3 (4.4)
E= gﬁ (4.5)

Where:
e p isthe electric dipole (qd ).

4.2 Electrostatic Induction and Power Transfer

One phenomenon that characterizes the transfer of wireless power
by capacitive coupling is the electrostatic induction, that is, modification
in the distribution of electric charge on an object caused by the presence
of an electric field nearby. This phenomenon is most effective when the
objects are conducting materials, such as metals, as electrons move freely.
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An example of electric induction process is shown in Figure 4.3
(a), which depicts a positively charged conductor attracting the negative
electrical charges of another conductor without the need of initial
electrical contact. The process is concluded by temporally grounding the
induced conductor. Such phenomenon occurs in any electrical circuit that
contains a capacitor through a difference of potential applied to the
conductive materials, as shown in Figure 4.3 (b), an electrical equivalent
circuit representation. If another capacitor is placed in the return path,
there is no need for actual electrical contact, as shown in Figure 4.4.

Figure 4.3 — Electrostatic induction process: (a) induction apparatus
diagram, (b) equivalent circuit.
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Source: Own elaboration.

Figure 4.4 — Equivalent circuit of a wireless electrostatic principle.

Primary stage Secondary stage
<+— —>

O

Source: Own elaboration.
It is possible to realize that a CPT system can only be achieved
through the use of a pair of organized electric fields, from which one is

“sent”, and the other one is “returned”. In an electrical equivalent circuit,
this is translated as at least two capacitances: one is responsible for
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“sending” current, and the other one is the return path of this current. This
means that a CPT system is composed mostly of two pair of metal plates.
It should be noted that these capacitances do not need to be formed
necessarily by parallel metal plates, but any kind of capacitance, including
stray capacitance that might be undesired in certain cases can actually be
used.

Still, regarding CPT systems, the wireless electrostatic induction
apparatus presented Figure 4.4 do not explain the power transfer
concept, but only energy accumulation. Power in an electrical system is
defined by the work over time needed to move the charge contained in an
electric potential, as presented in (4.6). Now, considering only the
electrical equivalent circuit representation, a resistance is placed to
describe needed power, as presented in Figure 4.5. Notice that, delivered
power, shown in (4.7), is realized only in the beginning of the turn ON
process, or the turn OFF process. The faster this process is performed;
more power is transferred. Straightaway, this is exactly a good definition
of a Wireless Power Transfer through coupling capacitances, as
opposed to definitions that presents the concept of a CPT system by
means of AC voltage applied. This means that commutation is ultimately
required.

Figure 4.5 — Principle of operation of a CPT system.

Primary stage Secondary stage
< [ >
Ll

o
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Source: Own elaboration.

(4.6)

P:[—j R=i’R 4.7)
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In order to process this energy in a suitable manner, e.g., charging
a battery, more reactive and switching elements are wisely included, as
presented in Figure 4.6.

Figure 4.6 — Complete operation of a CPT system.
Primary stage  Secondary stage
—>

iR

L+ T4

] ] 3
ol |40

Source: Own elaboration.

4.3 Parallel-plate Capacitance: from simplified equation to Boundary
Element Method (BEM).

The electrical charge that accumulates on the capacitor is
proportional to the voltage applied as in (4.8), and depends on the charge
distribution, surface area, distance between the plates and the
permittivity of the material.

g=CV (4.8)

For which g is the electrical charge (C) deposited in absolute value

on both plates, C is the capacitance (F) and V is the applied voltage (V).
To relate the electric field between the plates to the total charge, Gauss’s
law is used in integral form, as presented in (4.9).

@E-%:% (4.9)
S o“r

Considering that the charge is evenly distributed, parallel plate
configuration, that the electric field is oriented symmetrically and
disregarding the edge effect, as shown in Figure 4.7 and using (4.9), the
capacitance can be expressed by (4.10).
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Figure 4.7 — Distribution of the electric charge between two parallel plates.

TRLLLTY

Source: Own elaboration.
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(4.10)

For which &, is the electrical permittivity in vacuum and has a
value of 8,85 pC?/N.m?, &, the relative permittivity of the medium (the

air is approximately unitary), A the surface area (m?) and d the
separation between the plates (m).

Equation (4.10) is valid when the distance d is much smaller than
the area. When the gap between the plates is large enough, it is not
accurate as the charge distribution is no longer uniform and the edge
effect is not negligible.

To find values closer to the real ones, the authors in [43] use the
Boundary Element Method (BEM) for parallel plate capacitors of some
geometric formats. It was considered equation (4.10) as nominal value to
normalize the capacitance calculated using BEM. In the same way, the
charge density was normalized with respect to the simplified value.

From this study, it is possible to conclude that:

e For a given length, as the distance between the plates
increases, the charge density on the plates increases with
respect to the simplified nominal value, this increment
being even greater at the edges;

e Therefore, the capacitance is increased in relation to the
nominal value. That is, as the distance increases, equation
(4.10) results in capacitance values that are increasingly
lower than in practice;

e Among the circular, square and rectangular formats, given
the same area and space, the capacitance of the rectangular
shaped plates is the largest, followed by the square, which
is slightly superior to circular. This occurs because the
ratio of the perimeter to the area of the rectangular shape
is the largest, followed by the square and then circular.
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e Also, for the same area, considering a scenario with
rectangular plates with a width of 1/3 m and length of 3
m, and another scenario with square plates with width of
1 m and length of 1 m, both with an area of 1 m? and
separated by 0.2 m. The rectangular form plates have a
capacitance approximately 23% larger than the square
plates.

Through the BEM method and empirical approximation, the
authors in [43] proposed the expression of the capacitance of parallel
plates in the format of square (4.11) and circular (4.12). In this thesis,
their found equations were adapted to become a function of area, instead
of width or radius.

d 0.891 d
C, =c{1+2,343[-} J if (0,1< = <1,0)
JA A
. (4.11)
C,=C, (1+ 2,343(%} ] if (1,0< -3 77 <10
0.867
. =C,|1+2,367 d—” i (o.oo5sd*/;<o.5)
2 2JA
. (4.12)
o=C,|1+ 2564 ,if(0.5£dﬁ<5.0)
2VA

4.4 Constructive aspects of a capacitor

When designing a capacitor with very small air-gap, one must pay
attention to the fact that the material might not be entirely filled with
dielectric (which is usual considering they’re moving parts). The
capacitance is defined as a function of the dielectric material and the
distance containing air, as presented in Figure 4.8.

Considering that charge is evenly distributed through the object, it
follows from (4.13) to (4.18), that the equivalent capacitance of such
structure is nothing more than the series equivalent capacitance of each
substructure, as presented in (4.19). Therefore, a small capacitance in a
series capacitance lumped circuit will drastically degrade the equivalent



41

capacitance to a maximum permittable equivalent capacitance equal to

the least capacitance value.

Qtotal = CtotaIVtotaI = Ctotal (le +Vd2 +Vair ) (413)
Qo = Qa1 = Quz = Quir (4.14)
CaVar =CyVap =Cy Ve (4.15)

le — Qtotal

Cdl
V,, = Do (4.16)

Cd 2

= Qtotal

air Cair
Qtotal — Ctotal (Qtotal + Qtotal + Qtotal J (417)

Cd 1 Cd 2 Cair
1 1 1 1
e e R (4.18)
Ctotal Cd 1 Cd 2 Cair
g A
Ctotal d + do (4 19)
: : + dair
5.I’
Figure 4.8 — Dielectric material affecting equivalent capacitance.
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d Dielectric Material Air | dair
s . I| Dielectric Material |Ild2

Receiver Receiver

Source: [40].

Interestingly, these equations also explain why CPT systems are
not affected by metal barriers. For example, if a metallic plate is placed
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between a pair of plates, the equivalent capacitance is kept the same, as it
is now formed by two capacitors with doubled values connected in series,
which equivalent capacitance results the same before placing the metallic
plate.

Another parameter that must be considered is how planar or
deformed is a given structure, as shown in Figure 4.9. Again, for very

small distances, the capacitance value becomes very sensible to these
parameters.

Figure 4.9 — Capacitance of deformed structure.

@

Source: [40].

In fact, for very small gaps, distance becomes challenging to
measure or to verify, and the equivalent capacitance is better defined in
terms of applied pressure, rather than the distance itself. In [44], a study

of the applied pressure on a conformal bumper capacitor presented the
results shown in Figure 4.10

Figure 4.10 — Capacitance of couplers versus normalized conformal force. Base

force 100 N.
20
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5
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//,
T Hard-Planar: C2
0 0.5 1 1.5 2 2.5 3

Conformal force (p.u.)
(d)
Source: [44].
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4.5 Dielectric properties

The increasing frequency also affects the dielectric properties of a
material. Although dielectric with high dielectric constant improves the
coupling capacitance, factors as loss tangent, dielectric strength and
dielectric constant vary significantly with the frequency. A parameter
defined as in (4.20) represents the dissipative property of a dielectric
material.

R
tans = XESR =Rz 27 f,C (4.20)
C
Where:
e R, istheequivalent series resistance at given frequency;

e X, isthe reactive capacitive impedance

The term tan s is practically constant, and therefore, for higher
frequencies, R, decreases, contributing to elevating efficiency at higher

frequency. This is another advantage of a CPT system over an IPT system,
where, clearly, the loss of a coil is directly proportional to the frequency.
However, it is important to note that the leads or wire connection between
plates and circuit will have an impact on the equivalent circuit, as
presented in (4.21). This dynamic can be observed in an Impedance
Analyzer. Therefore, properly connecting with short adequate wires that
eliminates the skin and proximity effects, such as Litz wire or coaxial
cables, and constructing magnetic elements likewise is essential for good
performance.

(4.21)

cap ~ ' ‘parasitic parasitic

1 .
Z =R +RESR+%+JQ)L

The dielectric strength or voltage breakdown is a parameter that
limits the separation of a capacitor. Considering a pure sinusoidal voltage,
the maximum strength constant permittable [40] as a function of the area,
frequency, current and permittivity is given in (4.22). Such equation
explains why in a standard capacitor for higher frequencies, more current
is allowed while less voltage across the capacitor is allowed. Conversely,
for lower frequencies, less current is allowed while more voltage is
allowed. The same principle is applied for any type of capacitor.

E,, >27fleg,A (4.22)
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In Table V, it is shown the dielectric property of some material
found in [45]. It is also included the results for fiberglass material at 300
kHz, found experimentally in this thesis using Impedance Analyzer.

Table V — Dielectric properties of some materials.

Material Dielectric Strength Constant
Constant kV/mm
Air 1.005364 3
Soil 10-20 -
Teflon 2.1 60
Porcelain 6-8 4-12
Mica 54 160
Polyester 3.6 21.7
Silicon Carbide 10.2 -
Glass 4-7 13
Water 73.2-99 -
Paper 3.3-35 14-16
Transformer oil 4.5 12
Human skin 33-44 -
Fiberglass* 4.8 50

Some capacitance properties are even more challenging to
describe, since they are a function of the applied voltage, as in the case of
MOSFETSs and IGBTs.

4.6 Coupling Interface

Depending on the disposition of the coupling structure, the electric
field is naturally rearranged. Therefore, a high interaction between plates
AB, Ab, ab and Ba, shown in Figure 4.11, can result in a different
equivalent capacitance that requires understanding. Thus, the more the
distance between main capacitances increases, the more the impact and
interaction are expected, becoming necessary that all capacitive couplings
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to be considered in order to obtain an accurate model. This way, the 4
plates form a set of 6 coupled capacitances.

Figure 4.11- Coupling, and cross-coupling and self-capacitances.

1] e . » ,{/C“

cl| 1S

Source: [46].

In Figure 4.11, Caa and Cgp are defined as main coupling
capacitance, Cap and Cga are called cross-coupling capacitance and Cag
and Cy, are defined as leakage capacitance or self-capacitances.

Note that this structure is very complex and, despite the duality in
the transfer through the electric field in relation to the magnetic field, does
not present a duality in relation to the equivalent model of an IPT system.
Therefore, some concepts such as mutual capacitance Cy, dual the mutual
inductance, and coefficient of electric coupling Kg, dual to the coefficient
of magnetic coupling were abstracted in [47].

Through mathematical manipulation and circuit theory, the authors
were able to propose a model equivalent to the physical model and, at the
same time, dual to the IPT equivalent model. Figure 4.12 presents this
equivalent model called Behavior Source Model.

Figure 4.12 — Behavior Source Model equivalent circuit.

V. Co=r=

—=c,«—>v.c.—— & » ==c.V,
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Source: Own elaboration.

The system is modeled by a mutual capacitance (Cwm), self-
capacitances (Cp and Cs) and a voltage-controlled current source
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representing the transfer of energy, as shown in Figure 4.12. The values
of Cp, Cs and Cw are expressed, theoretically, as a function of the 6
capacitances or can be measured experimentally [47].

To find the values of C,, C; and C,, , this chapter presents a

method using Thevenin theorem. The initial step is based in [48], by short
circuiting V; to find C, , as presented in (4.23) and shown in Figure 4.13.

Figure 4.13 — Finding C, by short-circuiting the terminals ab.
CAa
A | a

Ve 6 Cie— Cu Ce. <_>VP @ C, —/—

[
B [ b
Bb

Source: Own elaboration.

(CAa + CAb )(CBa +CBb)
CAa + CAb +CBa + CBb

Co=Cp+ (4.23)

In the same way, a testing voltage source is applied across the
terminal ab, while the terminals AB is short circuited. Therefore C, is

expressed by (4.24).

Figure 4.14 — Finding C, by short-circuiting the terminals AB and supplying
voltage across the terminals ab.

Source: Own elaboration.



47

(CBa + CAa )(CAb + CBb)

CS = Cab +
CAa + C:Ab + CBa + CBb

(4.24)

Afterwards, the secondary is open-circuited, as presented in Figure
4.15 to obtain C,, , shown in (4.25) and (4.26).

Figure 4.15 — Finding C,, by describing the voltage across the open-circuit

terminal ab.
CAa
A || a o
S/ [ \/ - -
V. Com= Cu G > D —/—c v
jwCyVe
I . e
B [ b
CBb
Source: Own elaboration.
Vs = jaC,, L :C—“"VP (4.25)
° JoCs  Cq
\Y V.
C, =—2C, =—2.C, (4.26)
VP AB

Therefore, it is necessary to obtain the expression of V; , that is

V,, - Todo so, it is used Thevenin theorem across the terminals ab. Notice
that parallel capacitor C,, does not change the Thevenin voltage as it is

in parallel with a voltage source. The Thevenin voltage and Thevenin
capacitance circuits are presented in Figure 4.17 and Figure 4.16,
respectively. The resulting equations are shown in (4.27) and (4.28). The
mathematical process to find the Thevenin equivalent equations are
laborious, and therefore will be abstained.

Notice that the Thevenin circuit is itself an equivalent circuit that
can be used to analyze a CPT system. However, this equivalent circuit
can only be applied in linear systems.
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CA CBb _CAbCB
a d (4.27)
P (CAa + CBa )(CAb + CBb )

V,, =V

Cth — (CAa +CBa)(CAb +CBb) (428)
CAa + CAb + CBa + CBb

Figure 4.16 — Thevenin equivalent capacitance C,, across terminal ab.
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Source: Own elaboration.

Once V,, and C,, are calculated, it is possible to describe V;_, as
function of them as shown in. A voltage divider, shown in (4.29) results

in (4.30).
Figure 4.17 — Thevenin equivalent circuit model.
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Source: Own elaboration.

V
v, = _uCn (4.29)
° Cp+Cy
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CAaCBb B CAbCBa

(4.30)
Cab (CAa + C:Ba + CAb + CBb ) + (CAa + CBa )(CAb + CBb )

Substituting (4.30) and (4.24) in (4.26), finally results in the
expression that describes C,, in terms of main and cross-coupling

capacitances. Notice that, it does not depend on leakage capacitances.

— CaCo —CaCea
. CAa + CBa + CAb + CBb

(4.31)

Similar to magnetic coupling coefficient, it is defined the
capacitive coupling coefficient as presented in (4.32) and (4.33).

k. = (4.32)

kE — CAaCBb _CAbCBa (4.33)

(Cra +C)(Cra +Coa ) (Ca +Can )(Coa +Ca )

A straightforward analysis can be done by considering symmetry
in the coupling interfaces: C,, =C,, =Cand C, =Cg, =C,-This
way, the coupling coefficient is simply defined as in (4.34)

c-C
ke = ———rose 4.34
F C + CCTOSS ( )
Simple and interesting conclusions are presented:

e If C,.=0 (no cross-coupling capacitance), k. =1,

meaning maximum energy transfer;
e IfC,.=C, ke =0, meaning power is nulled;

o If C,.>C, k.<O0, meaning that cross-coupling

Cross
capacitance transfer power;
e If C=0 (no main capacitance), k. =-1, meaning
maximum energy transfer, but through cross-coupling
capacitances;
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e Forany general case presented in (4.33), —1< k. <1 [48].

When using Behavior Source Model equivalent circuit, measuring
each coupling capacitance is not necessary. A practical measurement test,
as in open-circuit and short-circuit of a transformer, can be performed:

e To measure C,, short-circuit secondary stage and
measure the capacitance across terminal AB;

e To measureC, short-circuit primary stage and measure
the capacitance across terminal ab;

e To measure C,, , apply a sinusoidal voltage at operating
frequency across primary stage and measure the open-
circuit voltage across terminal ab and apply (4.26).

4.7 Experimental results

Figure 4.18 — Double-sided copper printed circuit board used in the
experiments: (a) Primary side view, (b) secondary side view.

Primary
copper plates

500 mm

Secondary
copper plates

(b)

Source: Own elaboration.
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In this thesis, for simplicity, the capacitors are made of a double-
sided copper printed circuit board (500 mm x 500 mm) with 1.5 mm
fiberglass acting as dielectric, as presented in Figure 4.18. The
capacitance of the two double-sided plate was measured using E4990A
Impedance Analyzer, which results are shown in Figure 4.19 and Figure
4.20, respectively.

The capacitances measured at 300 kHz were 7.1 nF for both metal
plate pairs. Notice that a resonance frequency is found at approximately
3 MHz. Therefore, the fiber glass dielectric constant at 300 kHz can be
determined by simply rearranging (4.10), as presented in (4.35), which
resulted in approximately 4.8.

Figure 4.19 — Impedance characteristic of double-sided plate “C;”.

Source: Own elaboration.

Figure 4.20 — Impedance characteristic of double-sided plate “C,”.

Source: Own elaboration.
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_c 9 _,8 (4.35)
&A

‘gr, glass measured

4.8 Final considerations

A complete definition of a CPT system and main features were
presented from the most initial basic structure (a punctual electric charge)
to more complex ones (4 planar plate configuration) in a simple way.

Regarding designing parallel-plate capacitors, it is concluded that
for very small gaps (<mm), which distance and format are challenging to
measure or control, applied pressure suits better for describing the
capacitance. As the distance between parallel plates increases, the edge
effect becomes more significant and more charge is capable to be
deposited on the plates. It is concluded that the equivalent capacitance in
a given structure is a function of the distribution charge, dielectric
properties, frequency and cross-interaction between surfaces. Their
interaction can even null power transfer.

The study of parallel plates as capacitors presented in this chapter
can be used in any printed circuit, not only for wireless power transfer
purposes. It is suggested the investigation of the effectiveness to conclude
if a relatively needed low capacitor composed of inner layers in a printed
circuit board (PCB) can improve volume, lifetime and efficiency of a
circuit.
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5 CONVERTERS APPLIED IN CPT

In this Chapter, the commonly converters applied in a CPT system
are briefly introduced, presenting their advantages, disadvantages and
main features.

5.1 Resonant full bridge inverters

These topologies are mostly common in WPT systems and,
combined with a resonant circuit, are able to provide excitation to the
primary side effectively. As for the resonant circuits, a large number is
already present in the literature, such as L, LC [49], LCL, LCLC [50],
CLLC and others. The simplest of all, L series inductor series connection
in both primary and secondary is shown in Figure 5.1.

Figure 5.1 — Resonant series converter applied in CPT.

Source: Adapted from [51].

Each compensation topology has different characteristics with
advantages and disadvantages. For example, despite the simplicity of the
L-series topology, it has the drawback of requiring high inductances in
order to establish resonance with the low coupling capacitors.

One solution would be the use of external capacitors in parallel,
thus, forming the LC topology, as shown in Figure 5.2 [49]. The addition
of parallel capacitors would result in a combination of reduced
inductances for resonance establishment. However, considering the
addition of external capacitances much larger than the coupling
capacitance, the resonance condition becomes dependent mostly on
external capacitors, and therefore causes this converter to behave similar
to a SS topology [52] in an IPT system: independent resonance
establishment and highly unstable regarding misalignment.
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Figure 5.2 — Double side LC Resonant converter applied in CPT.

C

2

Source: Adapted from [49].
To make the system directly proportional to the capacitive
coupling coefficient, the LCLC compensation on both sides is proposed
in [50], as shown in Figure 5.3.

Figure 5.3 — Double-sided LCLC Resonant converter applied in CPT.

L Te I T

Source: Adapted from [50].

5.2 Power amplifier converters

Systems based on high frequency amplifiers, such as class D, class
E and others [53], [54], [44] can be modified to implement CPT. In fact,
they can also be classified as resonant converters.

Intrinsically, amplifiers operate at very high frequencies,
resulting in the reduction of storage elements, increased efficiency, and
large transfer distance. In contrast, these topologies are highly sensitive
to parameter variation. In practice, variations such as capacitance between
the plates are inevitable and can affect resonance, which causes drastic
reduction of transmitted power.

In [54], a very low power Class-E (0.97 W) with 96% efficiency is
presented. In [44],this topology is used for charging electric vehicles with
a conformal bumper installed in front of a vehicle, as shown in Figure 5.4
The results showed efficiency of 92% for 1 kW at 530 kHz.
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Figure 5.4 — Class E amplifier applied in CPT.
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5.3 PWM Converters
5.3.1 Modified SEPIC, ZETA and CUK converters

All the classical converters with a link capacitor can be modified
to be applied in CPT [34]. The advantages of the PWM converters include
the use of few switch elements and simplified signal conditioning. Due to
its asymmetry, applications are limited by the voltage allowed in the
switching elements and, therefore, reaching lower power levels when
compared to topologies based on the full bridge converters. The classical
PWM converters that have a series capacitor: Cuk, SEPIC and Zeta can
then be used for WPT purposes by adding a capacitor to the current return
path as shown in Figure 5.5, Figure 5.6 and Figure 5.7, respectively.

Figure 5.5 — Cuk converter: (a) Conventional, (b) Modified.
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Source: Adapted from [34].
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Figure 5.6 — SEPIC converter: (a) Conventional, (b) Modified.
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Source: Adapted from [34].
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Figure 5.7 — Zeta converter: a) Conventional, b) Modified.
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Source: Adapted from [34].

It is verified that the equivalent circuit of the modified converters
is the standard circuit of each converter, considering an equivalent series
capacitance (5.1) between C,andC, . The voltage across each coupling
capacitor are presented in (5.2) and (5.3), while current flow keeps the
same across both capacitors.

_ GG, (5.1)
C, +C,
G,
= v, 5.2
@ c+C, © (6.2)
Cl
V. = v, 5.3
“ C+C, °© 63

If C,=C, , then the voltage across the coupling capacitors are
simply defined by (5.4).

Thus, under certain conditions, most of the characteristics ruling
the modified converters are the same as those classical converters:

e Simple conditioning and driving circuitry;

e Operates as step up or step down with a static gain similar
in continuous conduction mode (CCM ) to (5.5);

e  Capacitive accumulation (indirect converter);

e They are fourth order systems that hinder the control of
the structure [55].
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G(D) =% (5.5)

5.3.1.1 Mean voltage value across the coupling capacitor

The mean voltage value across the coupling capacitor of these 3
converters is non-zero, an apparent disadvantage for capacitive coupling
wireless energy transfer applications [34]. This average value affects the
performance of the coupling capacitors, since the voltage applied to the
plates is limited by the rupture stress of the medium in which they are
located. In addition, the efficiency seems to be affected by this average
component.

Knowing that in steady state the stability of the converter is
guaranteed by the null average voltage value across the inductors,
considering classical static gain and observing the mesh containing the
inductors in Figure 5.5, Figure 5.6 and Figure 5.7, the average voltage
value of the coupling capacitors are:

Ve
ek oo
e .
<VCZeta >TS _ D
v —E (5.8)

To find the mean voltage value across each coupling capacitor Cy
and C,, apply the expressions (5.6), (5.7) and (5.8) in (5.2) and (5.3)

5.3.2 Modified Buck-Boost

To solve the problem of non-null average voltage value across
coupling capacitances inherent to the converters shown in section 5.3.1.1
5.3.1.1, [34] proposes a topology based on the buck-boost converter, as
shown in Figure 5.8.
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Figure 5.8 — Modified Buck-Boost converter: a) Equivalent, b) Complete.
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Source: Adapted from [34].

5.3.2.1 Mean value of the voltage at the coupling capacitor

It can be seen, therefore, that for any mode of operation, the
average voltage values across the capacitors are zero.

==0 (5.9)

5.4 Final considerations

Any power converter that contains a series capacitor on its
structure can be modified to be applied in CPT systems. It is important to
note that, besides adding a capacitor on the return path, the converter must
maintain or improve its characteristic for low capacitance values.

As expected, among the presented types, the Full H-Bridge
Resonant converters present the best results regarding power density,
efficiency, air-gap and misalignment. However, they require more
complex structures and a large number of reactive elements and,
therefore, might be unfeasible for relatively low power applications.

Following efficiency results, there are the Power Amplifier
converters, which hold their advantage on the simplicity. On the other
hand, they are highly dependent on the frequency resonance, and,
therefore cannot allow practical misalignments. Power is also limited by
the single active switch.

The PWM converters are commonly suitable for low power
application and present simpler structures. Different from the Power
Amplifier converters, they are able to maintain their static gain constant
for relatively small variations on the coupling capacitances. Regarding
the PWM converters, the average voltage value across the coupling
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capacitances are harmful, but can be overcome with the use of a modified
Buck-Boost.

As it is presented in the following Chapter 6, in the same way that
a conventional Buck-boost can be modified to its isolated version,
Flyback, the modified Buck-boost can also be modified to its isolated
version. However, as the coupling capacitors already provide galvanic
isolation, the main purposes of the use of a coupled inductor is to adjust
voltage gains.
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6 MODIFIED FLYBACK APPLIED IN CPT
6.1 Introduction

Based on the modified Buck-Boost, the simplified and idealized
proposed system, presented in Figure 6.1, consists on a modified Flyback
converter designed to transfer power through coupling capacitances. The
step-down coupled inductor located in the secondary stage has the
purpose of adjusting voltage gain, as some battery of some EVs are up to
60 V as in Renault Twizy [13]. As it will be presented in section 6.6, it
also increases power transfer capability.

Figure 6.1 — Modified Ideal Flyback converter.

Primary stai> Ve Secmlldary stage o
o YT o
! 1 =3 Vi, i L, Vg Vo
46O o v - §
I ‘L + Sy, &
SJE}YS ”

An equivalent capacitance, as in (5.1) together with the reflected
circuit as in (6.1) and (6.2) form an equivalent circuit as presented in
Figure 6.2. For convenience, throughout this thesis it will be used this
reflected equivalent circuit.

vV, =n(V, +Vy_ ) (6.1)

/= (6.2)
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Figure 6.2 — Equivalent circuit of the modified Flyback converter.
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Source: Own elaboration.
As summarily presented in Figure 6.3, besides the common

continuous conduction mode (CCM) and discontinuous current mode
(DCM) well described in the literature, two different modes are identified
[56] as the voltage across the diode might become forward-biased before

the subinterval DT,. The 4 observed modes are:

1) Continuous conduction mode (CCM): the switch conducts during
the subinterval DT, , while diode conducts current during the entire

subinterval (1-D)T, . This mode is the conventional CCM.

2) Discontinuous current mode (DCM): the switch conducts during
the subinterval DT,, while diode discharge completely before

subinterval (1-D)T, ends. This mode operates as a CPL and is the

conventional DCM.
3) Discontinuous voltage mode (DVM): the switch conducts during
the subinterval DT, , while diode starts to conduct before subinterval

DT,ends, and keeps conducting during the entire subinterval
(1-D)T, . Voltage across the switch becomes discontinuous. This

mode operates as a constant power load (CPL) and is dual to DCM.
4) Discontinuous quasi-resonant mode (DQRM): the switch conducts
during the subinterval DT, while diode starts to conduct before

subinterval (1— D)TS ends, and discharge completely before the end
of subinterval. This mode is an overlapping between DVM and DCM.
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Figure 6.3 — Four possible operating modes.
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Source: Own elaboration.

=

6.2 Continuous conduction mode (CCM)

The continuous conduction mode is defined by which the current
in the diode is never zeroed, and at the same time, the diode never
conducts together with the switch. Thus, this mode has two operating
subintervals: in the first one, the switch S is conducting and the diode D
is reverse biased, and the second one when the switch S is turned OFF
and the diode D is conducting.

6.2.1 First subinterval

In this subinterval, the switch command in S is triggered, while
diode D is naturally reverse biased as presented in Figure 6.4.

Figure 6.4 — First subinterval equivalent circuit in CCM.
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Source: Own elaboration.
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The inductor L, stores energy from the input source V, . Thus, the
current grows linearly, starting from a minimum initial value Ile , as
presented in (6.3).

i, ()= V—Lilt +1, (6.3)

In the mesh containing the resonant circuit L,C, developing

second order differential equation, the voltage across the capacitor behave
as presented in [57]. Therefore, the voltage increases sinusoidally as
shown in (6.4).

Ve (1) =V, +(Ve, =V )cos(ayt) + 1, Esin(wzt) (6.4)

Where:
e V. isthe input voltage source (V);

eV isthe minimum initial condition value v (0) (V);

e 1 isthe minimum initial condition value i. (0) (A);

e o, isthe natural angular frequency /& (rad/s).

To find the expression of the current in the capacitor, simply derive
(6.4), resulting in (6.5).

\/%ic (1) =(V = Ve, )sin(@,t) + 1, cos(a,t) (6.5)

The current in the inductor L, is the same as that of the coupling
capacitor as shown in (6.6).

i, (1)=ic (1) (6.6)

Finally, the current in the switch and the voltage across the diode
are defined, respectively by (6.7) and (6.8).
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i (1) =iy, (t)+i_ (1) (6.7)
Vo (1) =V, +V, —v (1) (6.8)

6.2.2 Second subinterval

When the switch is commanded to block, the diode starts to
conduct. Such equivalent circuit is presented in Figure 6.5.

Figure 6.5 — Second subinterval equivalent circuit in CCM.
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Source: Own elaboration.

Similar to the first subinterval, equations (6.9) and (6.10) express
the behavior of the voltage and current across the coupling capacitor. In
this subinterval, the energy stored in the reactive elements during the first

subinterval is transferred to V, . Therefore, the voltage V. , which has
opposite polarity of V;, is imposed across the resonant circuit L,C and

across magnetizing inductance L, , deenergizing them with second and
first order behavior, respectively, according to (6.11) and (6.12).

Ve (1) =V, +(Ve, —Vs )cos(ayt) -1, \/%sin(a)lt) (6.9)
\/%ic (0)=(V; -V, Jsin(ayt) ~ 1., cos(at)  (6.10)

Where:
e V. is the reflected output voltage load (V);
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. VCM is the maximum initial condition valuev, (DT,)

V);
e | isthe maximum initial condition valueic (DT) (A);

e o, isthe natural angular frequency /é (rad/s).

The current in the inductor L, is the same as that of the capacitor
with opposite direction, according to (6.11).

i, (t)=—ic (1) (6.11)
On the other hand, L, is demagnetized linearly, starting from a

maximum value IL2M , as shown in (6.12)

L (D=1, (6.12)
2

Finally, the current in the diode and the voltage across the switch
are defined, respectively by (6.13) and (6.14).

in (1) =i, (t)+i_ (t) (6.13)
Ve (1) =V, +V,) =V (1) (6.14)
6.2.3 Waveforms

The main general waveforms of the currents and voltages in the
switching and reactive elements and their maximum and minimum values
for two switching periods are shown in Figure 6.6.
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Figure 6.6 — Main general waveforms in CCM.
i, (1 i, (A v, (1 )4 v (1)

T, T,
Source: Own elaboration.

6.2.4 Initial condition of the system equation

Once the behavior of the voltage and current on the storage
elements in CCM presented in section 6.2 is known, it is necessary to
express the initial conditions of the system as function of fixed variables
such as input and output voltages, switching frequency, natural angular
frequency and duty cycle.

As shown in Figure 6.6, the voltage V. occurs at the instant At,

for (6.4), as shown in (6.15). Meanwhile, the voltage V.. occurs at the
instant At, for (6.9), according to (6.16).

Ve, =Vi +(Ve, —V; )cos(m,At, ) + ILM\/%sin(sztl) (6.15)

Ve, =V, +(VCM —VO*)cos(wlAtz)— I, \/%sin(calmz) (6.16)

The current I occurs at the instant At, for (6.11), as shown in

(6.17). Meanwhile, the current I_ occurs at the instant At, for (6.3),
according to (6.18).

L

ol = I, cos(wlAtz)—(Vo* Ve, )sin(wlAtz) (6.17)
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_) oAy

= 40 (6.18)

Substituting (6.18) in (6.17) and manipulating the equation results
in (6.19). And, substituting (6.19) in (6.18), results in (6.20).

(Ve, —Vo*)\/Esin(a)lAtz)+V‘étj cos(@At,)

o = 1-cos(mAt,) (©.19)
(VCM _VO*)JEsin (@A) + V|LA:1
= 1-cos(wAt,) (6.20)

The current I occurs at the instant At, for (6.6), as shown in

(6.21). Meanwhile, the current 1, occurs at the instant At, for (6.12),
according to (6.22).

21, = (Y -Ve_Jsin(@,at) + 1, cos(w,at)  (6:21)
V, At

[ o2 (622)
L2

Substituting (6.22) in (6.21) and manipulating the equation, results
in (6.23). And substituting (6.23) in (6.22), it results in (6.24).

(\/i -V, ) \/E sin(@,At,) —V"LAIZ cos(m,At, )

o = 1-cos(m,At,) (6:23)
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| _(Vi —ch>\/Esin(a)2At1)—V’;;_2At2

tn 1-cos(m,At,)

Then, substituting (6.20) in (6.16), and substituting this result

together with the substitution result of (6.24) in (6.15), results in an
expression V. as a function of V;, V. and Ve, asin (6.25).

(6.24)

(s sin® (w,At,)
Ve, =|1 cos(c()zAt1)+—1_(:()5(@2M1)]Vi

_ \/E&+—Si”(“’2“l) ]vo* (6.25)
C L, 1-cos(m,At,)

sin? (w,A
+| cos(m,At,) T oos(a AL coi?)w th)l)JVC

Using trigonometric identity, (6.25) is rewritten as (6.26).

v, :2\4_( \/E&+MJVO*_VC (6.26)
M C L, 1-cos(wAt,) "

In an analogous way, the expression of V. as a function of V; , A

and Vs presented in (6.27).

Ve :_[\/EﬁJFMJVi + 2V -V, (6.27)
" C L 1-cos(mAt,) )

Substituting (6.27) in (6.26), it is found the static gain of the output
voltage V. by the input voltage V, of the converter in CCM, according
to (6.28).
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5, L AL sin(@At, )

N cLi1- At
Geem =V_0= L 1-cos(@At,) (6.28)

V, \/:Atz sin(w,At,)
24, |2
C L, 1-cos(m,At,)

Knowing that the instants At, and At, are defined by (6.29) and
(6.30), respectively:

At = DT, = fB (6.29)

S

1-D
f

S

At, =(1-D)T, = (6.30)

And that, by trigonometric identity:

sin(x) —cot(xj 6.31
1-cos(x) 2 (6:31)

Let the following relationships be:
g = s (6.32)

2]

2z f
u, =2 (6.33)

@,

The static gain can then be rewritten as a function of D, g and
M, , according to (6.34).
v 1+”Dcot(ﬁ(l_ D)j
H Hy
G D,y p,)=—2>=
cou (Dot t) =, 7(1-D) (ﬂD)
+-———~cot| —
H Hy

(6.34)
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Static gain analysis will be better comprehended in the section
6.2.6. For the time being, the objective remains to find the initial
conditions as a function of fixed variables.

The average value of the current in the inductor L, is the integral

of the sum between (6.6) and (6.12) over the corresponding switching
period as shown in (6.35), resulting in (6.36).

1 Ts 1 Ay Aty
I, ==[i,® :—[ [, @dt+ i, (t)dtJ (6.35)
’ Ts 0 TS 0 0

L
= A
et 5, Gl e sin( @A)+ (6.36)
2 T
*| (Ve, = Vi )(cos(@,At)-1)

LZ avg

The current | is equivalent to the output load current ., that
-avg

conveniently is defined in terms of the output voltage V, and a reflected
output load resistance R; , as presented in (6.37).

*

.V
=l = (6.37)

0

Knowingthat I, and I, are defined intermsof V; V, and Ve,
as in (6.24) and (6.23), receptively, it is now possible to express V. asa

function of V,, V. and R, by substituting (6.24), (6.23) and (6.37) in
(6.36), resulting in (6.38).

*

V *
R‘L =AV, - AV, -BY, (6.38)

0

In which the values A and B are, respectively, expressed in (6.39)
and (6.40).
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A= F(l— D)cot(@] +2Cf,
L, Hy

(1-D)’ 1+cos(w,DT,)  [C

2f.L, 1-cos(w,DT))

+

L,

—(1- D)cot[

7D

H

(6.39)

j (6.40)

Considering the static gain in (6.34) and rearranging (6.38), V. is

expressed in (6.41).

(6.41)

(6.42)

The term A, shown in (6.39), can be better presented as (6.43).
The division of the term B by the term A, results in simplification

presented in (6.44).

H

Hy

|

)

x(1- D)cot(@

(6.43)

(6.44)

Finally, &,, in a more simplified form is presented in (6.45).

&n =1=Ceey

1-D
MCOt[@j-’-
Hy Hy
1
" 1-D
2fSCR;(1+ 7(L- )cot[ﬁDD
H Hy

(6.45)
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Substituting (6.41) in (6.26) and following the same simplification
process used to find V. , V. is expressed as in (6.46).

Ve, =&uVs (6.46)
1-D
ﬂ-(—) cot (@j +
Hy H
£y =1— Gy 1 (6.47)

2fCR’ (1+ Mcot(wn
Hy Hy

Once the expressions for V. and V. ~are found as a function of
fixed variables, it is now possible to find the expressions for 1, I_ ",

I, and I _ asfunctions of the same variables. Substituting (6.41) and

(6.46) in (6.19), (6.20), (6.23) and (6.24); performing the necessary
mathematical manipulations, the valuesl_ -, 1 -, | andl_ are

redefined as presented in (6.48), (6.49), (6.50), and (6.51), respectively:

&wm —Geem i
1-D
I, =2zfCV, cot(”( )J ) 'L; 22(1-D) (6.48)
S i cot( j
H H
&m — Geem "
H
1-D
I, =27f.CV, cot(”( )j , 27D 1 (6.49)
H 2
27(1-D
H S|n(ﬂ-()]
H
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I, =2zfCV, cot(ﬂj -y _27(1~D)Geay 1 (6.50)
2m s ! y7A H, /,122 SIH[ZEDJ
Hy
— 27(1-D)G
I, =27f ey, cot(@J Loz, 271~ D)oo cot[z”DB (6.51)
H, Hy H, Hy

It is concluded in this section that the values of the initial
conditions of the system could be expressed as function of known
parameters in a project. Note, however, that such values are a function of

a resistive load R, which is not very favorable to interpret the load
characteristic in a generic manner.

6.2.5 Parametrization

Before starting the load characteristic section of the converter, it is
necessary to have a parametrization of the output current so that the
functions are dimensionless and independent of the load resistance,
making it possible to characterize the converter in a generic and
dimensionless way. Thus, equation (6.45) can be rewritten as shown in

(6.52). Defining the parametrized output current y according to (6.53),
&, 1s defined as a function of » as shown in (6.54). Following the same

m

steps, ¢, can be defined as in (6.55).

1-D
&, =1-Gqy, Mcot[ﬂj—

2 H,
AN (6.52)
Vv 2fCV, (1+ 7(1-D) cot(”DjJ
Hy Hy
l;
y= (6.53)
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1 (6.54)

1 , (6.55)
(1+ 7(1-D) cot(ﬁDD
H, H,

Dividing the equations expressing the maximum and minimum
values of the currents in the inductors, presented in (6.48), (6.49), (6.50)

and (6.51) by the output current |, and using (6.53), (6.54) and (6.55), it
is defined the parametrized relations (6.56), (6.58) (6.60) and (6.62).

Em (7/)_GCCM 4

5, (y)zfcot(MJ th (6.56)
Y th +250 cot[2ﬂ(1— D)]
4 t
|
o, = ,L (6.57)
En (7/)_GCCM +
#y
1-D
S (7)=§cot[”( )j , 27D 1 (6.58)
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IL
L = Itﬁ” (6.59)
1- 27(1-D
a., )~ Zea 22 nlr) 22BN 3| (o)
y o\t 1y Hy Sin(27rDj
H,
IL
o, = Iim (6.61)
D) 1l-¢, 27(1-D)G 27D
L (}/)ZZCot(”_j( (7/)_ ( 2) CCM Ot[ T j] (662)
V4 Hy H H 2
IL
Ly = Ii“” (6.63)
6.2.6 Static gain

The static gain G.,, presented in (6.34) represents the relation

between the output and input voltages of the converter considering no loss
and does not neglect the voltage ripple across the coupling capacitor. Due
to the high voltage and current ripples across the coupling capacitors and
inductors, the CCM static gain found in classical converters presented in
(5.5) might not be applicable. In Figure 6.7, it is presented the static gain
for different parameters and the conventional static.
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Figure 6.7— Static gain for different parameter combinations.
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Figure 6.8 presents the static gain behavior (6.34) normalized with
respect to conventional static gain for different parameter combinations.
Notice that, depending on the reactive elements, duty cycle and switching
frequency, an error of up to 30%, for example, can be expected if
conventional static gain is used. In fact, for higher ratio values (> 3), the
error compared to conventional static gain is kept within 6%, whereas
special care must be taken for lower ratio values (< 3). Therefore,
depending on the reactive elements and the switching frequency, small
ripple approximation cannot be used to find the precise static gain.

Another conclusion is that, as shown in Figure 6.8 (b), if 14 > 4, , the

static gain tends to present higher values. Conversely, if g <z, , the

static gain tends to present lower values. Such characteristic can also be
used to adjust static gain, without the need of adjusting duty cycle or turns
ratio.
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Figure 6.8 — Normalized static gain for different parameter combinations: (a) for
=ty (b) for un # 1y .
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Naturally, the static gain of the converter must present a
monotonic, continuous, positive and increasing characteristic with the
increment of D in the CCM region. Therefore, if there are values of x,,

M, or D that do not satisfy these conditions, it may indicate that the

converter conducts in another region or is not realizable with these
parameters.

Equation (6.34) presents cotangent terms, which requires careful
analysis. The cotangent function in the trigonometric circle is shown in

Figure 6.9. Note that it is continuous for arguments between 0 and 7 .

Figure 6.9 — Cotangent function in the trigonometric function.
A

T
2 cot (\') ,

\4

3T
2

Source: Own elaboration.

In this context, the arguments in the terms with cotangent presented
in (6.34) are comprehended in the domain as shown in (6.64) and (6.65).
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0-Z1-D) (6.64)
H

0<72 4 (6.65)
Hy

Knowing that D varies from 0 to 1, a necessary condition for the
converter to operate in CCM is given in (6.66).

4, >1 (6.66)

Notice that the higher the ratios x, and x, , the more the converter’s

static gain is assimilated to that of a conventional gain. Such analysis is
proven by analyzing the limits of these ratios in (6.34) tending to infinity.
Applying the concept of the limit of a cotangent function presented in
(6.67), the limits of the numerator and denominator behave, respectively,
according to (6.68) and (6.69). Thus, the static gain with both ratios
tending to infinity is the same as that of the conventional converter, as
proved in (6.70).

LT T 1
Im—cot(—aj:— (6.67)
X—)oox X o
1-D
fim1s oot 7-P)) 4, D _ 1 (6.68)
moo gy 7 1-D 1-D
1-D —
Iim1+Mcot(”—DJ:1+Q:l (6.69)
o Hy Hy D D
lim Goey (Dt tt) = —2 (6.70)
Iy 9 —>0 1_D

Also, in relation to the gain G, , the limits can also be used to

analyze the behavior of the converter for D tending to 0 or 1. When D
tends to 0, the numerator tends to the constant number 1, while the
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denominator tends to infinity, resulting in (6.71). When D tends to 1, the
numerator tends to infinity, while the denominator tends to the constant
number 1, resulting in (6.72).

IIDiLTg)GCCM (D,,ul,,uz):0 (6.71)

IIDir_nﬂGCCM (D,‘ul,,uz)zoo (6.72)

When the input and output voltage sources are imposed, the static
gain is also imposed. From the expression presented in (6.34), it is
developed the condition for operating in CCM, as presented in (6.73). It
is not possible to fully isolate D, however, numerically, it is possible to
evaluate if the converter operates in CCM. If the limits to infinity
presented in (6.68) and (6.69) are applied, then the condition can be
simplified as in conventional converter according to (6.74).

GCCM + M COt[ﬂDJ -1
Hy Hy

D= (6.73)
Geou” cot[”DJ + ”cot(”(l_ D)j
H, H, H H
lim D= Ceen__Yo (6.74)

Hip >0 1+ GCCM V* +V.

0 I
6.2.6.1 Voltage ripple across the coupling capacitor

Shown in Figure 6.6, the ripple of the voltage across the capacitor
C in steady state is obtained by subtracting V.. expressed in (6.55) from

Ve presented in (6.54), as presented in (6.76). Using the approximation
deduced in (6.70), the voltage variation across the coupling capacitor can
be approximated as presented in (6.77). The voltage ripplein C, and C,

are found by dividing by two, if (5.4) is assumed, as shown in (6.78). Note
the importance of high switching frequencies and capacitances values to
minimize the voltage ripple value AV, . It is also concluded that in light

load conditions or low gains, the voltage excursion is smaller, whereas in
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heavy load conditions or large gains, the voltage excursion is larger,
approaching this way DVM.

AV, = A&V, (6.75)

A= (H e DZ) » (”DD y (6.76)
1 t

Ae=2yD = féRg l?ZD 6.77)

AV, = % (6.78)

6.2.6.2 Voltage ripple across the output capacitor

When switch is turned ON, the output capacitor C, supplies energy

to the load. The average value of the discharge current during the
subinterval At, is the output average load current 1, , but no longer

reflected, as presented in (6.79).

1% AL 1D
AV, =— || dt="2=-2 6.79
CD CO .([ ’ CO fSCO ( )

6.2.6.3 Maximum voltage across switching elements

The maximum peak voltage across the active switch is presented
in (6.80), whereas the maximum peak voltage across the diode is
presented in (6.81).

Vs =(1+Geey — &)V (6.80)

V,, = (6.81)



82

6.2.6.4 Current ripple in the inductors

The ripples of the currents in the inductors shown in Figure 6.6 are
obtained by subtracting their respective maximum and minimum values.

From (6.18) and (6.22), the ripple is obtained for I in (6.82) and for I

in (6.84). If the static gain approaches the static gain of a conventional
Flyback converter, the expression (6.84) can be approximated, thus
resembling the expression for classical converters. The parametrized
current ripple of the inductors L, and L,are presented in (6.83) and

(6.85), respectively. Note that, dual to the voltage ripple across the
coupling capacitor, the current ripples in the inductors becomes smaller
for heavy loads and larger for light loads, approaching the DCM.

Al =%AL _MD (6.82)
L Lf,

Al 27°D 1
L oS, =22 (6.83)

I A4
Al =Yo(1-D)_ Gei@-D) VD (6.84)

L, L2 fS L2 fs o L2 fs
S _ng, =200 1 (6.85)
I 7 Y

6.2.6.5 RMS current value expression

The RMS values are deduced using the initial conditions found in
section 6.2.4.The RMS value of the current in the inductor L, is expressed

in (6.86).
=12+ 12 (6.86)

1DTS v 2
I, :\/f ! HEH |leJ dt] (6.87)
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1 @O C N 2
L, = T, ,([ [ILM Cos(wlt)+\/E(VCM Vo )Sln(a)lt)J dt| (6.88)

The RMS value of the current in the primary winding of inductor
L, is expressed in (6.89).

ILZH?MS = \lllib * Ilia (689)

I, =\/%T H\E(V =V, )sin(agt)+ 1, cos(wzt)] dt] (6.90)

The RMS value of the current in the secondary winding of
inductor L, isexpressed in (6.91).

i(l_T)Ts \/E(VCM -V, )sin (@) +

e = [7 n dt (6.91)

2

*

LZM

+, cos(a)lt)—\%u I
2

The RMS value of the current in the coupling capacitor C is
expressed in (6.92).

ICRMS - LZPRMS (692)

The RMS value of the current in the active switch S is expressed
in (6.93).

Lo /% (\/i -V, )sin(a)zt)+ |, cos(myt)
I = =
SRMS TS -!. VI

\ +Et+ I,

2

dt| (6.93)
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The RMS value of the current in the diode pis expressed in
(6.94).

=1 (6.94)

RMS LZSRMS

The RMS value of the current in the output filter capacitor C, is
expressed in (6.95).

o =12 —12 (6.95)

0RMS Drms
6.3 Discontinuous Conduction Mode (DCM)

The DCM is defined by the current discontinuity in the diode D
during subinterval At, . Thus, in addition to the two subintervals in CCM

mode presented in section 6.2, there is a third subinterval in which the
current in the diode is zeroed. Due to its zero-current switching (ZCS) and
inherent power factor correction (PFC) features, this region is largely
used for switched-mode power supplies (SMPS) purposes.

6.3.1 Third subinterval for DCM

The equivalent circuit of this subinterval is shown in Figure 6.10

Figure 6.10 — Equivalent circuit of the third subinterval in DCM.

+ V-

Source: Own elaboration.

All the equations of the reactive elements during the first two
subintervals as a function of time presented in section 6.2: (6.3), (6.4),
(6.5), (6.6), (6.9), (6.10), (6.11) and (6.12) remain valid. Note, however,
that At, will no longer be expressed by (6.30), but rather by the instant in
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which diode current is completely discharged. Note also that the initial
conditions presented in section 6.3 is not satisfied in DCM, since the
system of equations are different.

The system of equations in DCM presents three more fundamental
equations for its resolution. The first one is the determination of the
instant when the diode is discharged. The current in the diode is the sum
of the currents in the inductor L, shown in (6.11) and in L,, shown in

(6.12). The subinterval for which the current is zeroed is presented in in
(6.96). This equation is nonlinear, so that a numerical method is needed.

At, = root i, (t))

_ Yo
+ILZM 3 t
2

=root

The other equations are obtained from the equivalent circuit’s
homogenous second order differential equation as shown in (6.97), which
its solution is presented in (6.98).

d?v, (t)
ve (t)+LC e

Ve (1) =V, cos(a,t) + I, ’% sin(a,t) (6.98)

Where:
e V. isthe voltage initial condition value v, (At,) (V);

d?v, (t)

=0 (6.97)

+L,C

* I isthe currentinitial condition value i. (At,) (A);

. { 1
e, isthe natural angular frequency CiLC (rad/s).

From the derivation of (6.98), it is obtained the expression of the
current in the capacitor C, which is the same for both inductors,
according to (6.100) and (6.101).
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/ L z L, ic (t) =V, cos(e,t) + I cos(am,t) (6.99)

iy, (1) =—ic (t) (6.100)
i, (t)=ic (1) (6.101)

As it can be seen, solving the system of equations to find the initial
conditions and static gain in DCM is complicated and time consuming.
However, as in an ordinary Flyback, the modified converter still
maintains its constant power load (CPL) characteristic in DCM. This
information is important and useful for determining the load characteristic
and static gain in DCM, as it will be demonstrated in section 6.3.2.1.

6.3.2 Waveforms

The main general waveforms of the currents and voltages in the
switching and reactive elements are shown in Figure 6.11. Notice that,
there is a small voltage excursion across switching elements, whereas a
large current ripple is observed as expected in DCM.

Figure 6.11 — General main waveforms in DCM.
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Source: Own elaboration.

6.3.2.1 Load characteristic and boundary condition in DCM

The boundary condition for the converter to reach DCM mode is
presented in (6.102).
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_0 (6.102)

Substituting (6.56) and (6.58) in (6.102), the condition is defined
in dimensionless terms as (6.103)

(6.103)

oy, +o,, =

Knowing that in the DCM region, the converter behaves as a CPL,
then, there is a critical minimum power P,,, for which the converter is

able to supply:

* g x

Pain = Focm =V lopem = GCCMVi I;DCM (6-104)

I;DCM =2f.CVi¥oem (6-105)

The value yp, is found computationally from the expression
(6.106). Therefore, P,., can be expressed by (6.107).

Yoem = FOOt(5L1m (7) +d, (7/)) (6.106)
Poem = GCCMVi2 2f.Cyoem (6.107)

For each y,.,, , the static gain in DCM is defined by (6.108). Using

the definition of the output parameterize current in (6.53), the static gain
in DCM as a function of y is presented in (6.109).

V. P GeeyVi22f.C
= II?{Z;/I _ Scem I|*VS Yoem (6.108)
V. Gegy?
Gy () =2 = —ccom/eu (6.109)
ocm (7) v v

Finally, using (6.110), the load characteristic in DCM is presented
in Figure 6.12 for g =, =3. The dots in the figure correspond to
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simulation results using PSIM software, thus validating the theory
through simulation.

Ybem

Gocewm (D’ﬂpﬂzvV):GCCM 71 if ¥ <7pem (6.110)

Figure 6.12 — Load characteristic and boundary between DCM and CCM for
=, =3
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Source: Own elaboration.

Considering imposing input and output voltage sources, it is
sufficient for the converter to operate in DCM when the condition (6.111)
is satisfied.

Geey + GCCM”cot(”Dj -1
H,

D< a — (6.111)
M Cot (ﬂ-Dj + Ecot {7[(_)}
Hy Hy H H

Considering resistive output load resistance, if it is assumed
infinite coupling capacitance, the condition for meeting DCM is the same
as those conventional PWM converters, presented in (6.112). For the
proposed converter, it observed that this condition is necessary, but not
sufficient, as the converter becomes in DCM with smaller D . However,
this equation is a quick indication and approximation as for the mode of
operation of the converter.
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2L f
D<1- I;i : (6.112)

0

Where:
e L, is the parallel equivalent inductance between the

inductors.
6.4 Discontinuous Voltage Mode (DVM)

In 1997, Cuk states in [58]: “Duality relationship in switching
converters can be extended to even include their discontinuous
conduction mode”. The author used the duality principle applied for
Discontinuous Inductor Current Mode (DICM) to explain the
Discontinuous Capacitance Voltage Mode (DVCM) for 4" order
converters. Symmetry properties are also included, as shown in [59],
which proves that the DVM for Cuk converter presents fairly good Power
Factor Correction (PFC) characteristic, with the advantage of low current
stress for heavy loads.

Differently, it is worth mentioning that in this thesis, no duality
principle was implemented, and still the same fundamental equations and
duality properties are found. The DVM operation can then be defined as
the voltage discontinuity across the diode after subinterval At,. And, as

in DCM, in addition to the subintervals in CCM mode presented in section
6.2, there is another subinterval, but instead of “open” equivalent circuit,
there is a “short” equivalent circuit. However, this interval occurs
sequentially during subinterval At, , while third subinterval is common to

the second subinterval in CCM. Therefore, At, is no longer expressed as

in (6.29), but rather by the interval for which the voltage across the diode
is zeroed.

As in section 6.4.3, the objective remains finding the load
characteristic and boundary condition between CCM and DVM.
Therefore, the system of equations and its resolution is not necessary.
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6.4.1 Second subinterval for DVM

The equivalent circuit of the second subinterval in DVM is shown
in Figure 6.13. Due to the large voltage drop across the coupling
capacitance, the diode becomes forward biased while the switch is still
conducting.

Figure 6.13— Equivalent circuit of the second subinterval in DVM mode.
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Source: Own elaboration.
6.4.2Waveforms

The main general waveforms of the currents and voltages in the
switching and reactive elements are shown in Figure 6.14 . Notice the
dual behavior between DVM and DCM presented in section 6.3.2: there
is a large voltage excursion across the switching elements, whereas less
current ripple is observed. It worth mentioning that, in the same way that
in DCM it is performed ZCS, in DVM it is performed ZVS.

Figure 6.14 — General main waveforms in DVM.
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Source: Own elaboration.
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6.4.3 Load characteristic and boundary condition in DVM

The boundary condition for the converter to reach DVM mode is
presented in (6.113)

Vi +V, =V, =0 (6.113)

Substituting (6.34) and (6.55) in (6.113), the condition is then
defined in dimensionless terms as (6.114).

1+ Geew (D’:ul’/'lz)_gM (}’)ZO (6.114)

Knowing that, in this mode, the converter operates as CPL and is
able to deliver a given maximum power and adopting the same procedure
as in section 6.3.2.1, let the following equations:

Prax = FPown = Gccl\/lvi2 21.Crowm (6.115)

max

Youm = F00t(1+Geey (D, 44, 1) =& (7)) (6:116)

*

V, _ Geem?
Gow (7)= o= —CCMJ/ DVM (6.117)

Using (6.118), the load characteristic for z = u, =3and DVM
region is presented in Figure 6.15, in which the dots are values found in
simulation results using PSIM software. Notice that the voltage gains
decreas tending to zero as the parametrized output current increases.

Gowm (D,,ul,,uz,y) = Geowm y[;\//M E 7> Yo (6.118)
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Figure 6.15 — Load characteristic and boundary between DVM and CCM for
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Source: Own elaboration.

Considering imposing input and output voltage sources, it is
sufficient for the converter to operate in DVM when the condition (6.119)
is satisfied.

Geewm + Ceeu™ cot[”DJ -1
H, H,

D> 5 (6.119)
Ceeu” cot(ﬂDj + 7 cot (ﬂ( — )]
Hy H, H H
Let, the condition for DVM:
1+ Gy — &y <0 (6.120)
Substituting (6.47) in (6.120) results in:
1-D
Goy | 1+ 2 )cot(@]— 1 <0 (6.121)
& # ) 2tcR: [1+”(1_ D)cot(”Dn
Hy H
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As G, Iis positive, and considering the assumption that
M =, —> oo , which means applying the limit definition presented in

(6.67) in (6.121), results in (6.122). Finally, developing it, the condition
for operating in DVM is presented in (6.123), which is also confirmed in
[56] found through duality principle. Again, such condition is necessary,
but not sufficient for finite values of u, or u,, but is a quick indication

as for the mode the converter is operating.

21,CR;(1-D)-D*+2f,CRD _
2fCR]

D>[2fCR] (6.123)

6.5 Discontinuous Quasi-Resonant Mode (DQRM)

0 (6.122)

In addition to CCM, DCM and DVM, another operating mode is
identified. It can be considered as a combination between DCM and DVM
regions, therefore a restricted portion of the parametrized output current
plane [56]. In DQRM, the transistor is turned ON at zero current (ZCS)
and OFF at zero voltage (ZVS). Therefore, the switching loss in the
semiconductors are reduced in the same way as in other quasi-resonant
converters.

Indeed, according to [60], this operating region can also be
considered as members of quasi-resonant classes. In contrast with other
quasi-resonant converters, which require frequency control, the DQRM
region can be controlled through the duty cycle and there is no need for
bidirectionality for the switch.

This section aims to briefly describe the DQRM using the same
technique as in previous sections to evaluate the parameters that bring the
converter in this mode. Therefore, equations and further details are not
presented.

6.5.1Waveforms
The general waveforms of the currents and voltages in the

switching and reactive elements and their maximum and minimum initial
conditions for two switching periods are shown in Figure 6.16.
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Figure 6.16 — General main waveforms in DQRM.
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6.5.2 Boundary condition between CCM and DQRM

Using the same analysis to plot the boundaries as in previous
sections, it is possible to note that the DQRM is an overlapping between
DCM and DVM. In the region corresponding to this overlapping, the
converter can no longer be characterized as in (6.110) or (6.118), as the
existence of CCM region is not satisfied. However, it is possible to
identify all regions of operation in the same parametrized output current
plane, as shown in Figure 6.17. Notice that, at low values of x, and g, ,

the DCM and DVM curves have the tendency of overlapping, that is,
under such conditions the converter is entering the DQRM region.

A singular and interesting operating point, however, can be
characterized for g, =, =1.548. It is a critical mode between DQRM,
DVM, DCM and CCM regions, as shown in Figure 6.17 (curve in
orange). It is worth presenting the general main waveform in the critical
DQRM-CCM condition for D=05, s =u, =1548 and y=2.659, as

shown in Figure 6.18.
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Figure 6.17 — Identified all operating regions in the same parametrized output

current.
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Figure 6.18 — General main waveforms in critical DCM-DVM-CCM-DQRM (
1 =1,=1548and D=05).

i (14 i, (1) v (04 v (0),
bl XN SN » ’WV
i (1) ve(®) in (1) is (1)
I, oo ﬁﬁ\ e L —.
JJ B L > 7 A
DT, = At —» (1-D)T, =At, DT, = A, > (1-D)T, =Ar,
e — —
— —

Source: Own elaboration.

6.6 Power transfer capability

In this section, P

max

(W) and P, (W) equations are expressed as a
function of input and output voltages, reactive elements and switching



96

frequency. These expressions are derived, supposing g4 = u, —> o for
simplification purposes.

6.6.1 Maximum power

Expressing the output load resistance R; in terms of output power
and output voltage V., substituting (6.74) in (6.123) results in an

expression for determining maximum delivered power. This equation
shows the importance of operating at high frequencies and coupling
capacitances, and mainly high voltages, as maximum power is in

proportion to the squared input and output voltages.

max —

P < 2CF, (V, +V,)" = 2CF, (nV, +V, )’ (6.124)

It also validates the choice for using a step-down coupled inductor
in L, instead of a step-down coupled inductor in L , as it would decrease

the reflected capacitance, which is in squared proportion. Therefore,
placing a step-down coupled inductor in L, would result in maximum

theorical power defined by (6.125).
P
PHT:W = —:;X (6.125)

Therefore, the step-down coupled inductor in the secondary
increases power transfer capability and a step-up coupled inductor in the
primary circuit is suggested for the same sake, which resembles [61].

6.6.2 Minimum power
As in a conventional Flyback converter, the converter is able to

deliver a minimum power. Following the same steps as in section 6.6.1
for Equation (6.112), results in:

* 2
Prin = M| 1 (6.126)
\/i +V0 2Leq fS
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6.7 Final considerations

An accurate study of the modified Flyback converter applied in
CPT was presented. The found static gain that do not neglect neither
voltage or current ripple along with load characteristic was important to
precisely limit not so common regions of operation and significant
fundamental discussions may arise.

Equating the initial conditions of the system as a function of
external and controllable variables was important to express and
understand the converter without the need of iteration process or
simulation results. Moreover, parametrizing the system with respect to
the parametrized output current presented in this Chapter, decreased the
number of variables by grouping them, turned the analysis dimensionless
and independent of a load resistance.

The strategy of using CPL theory for DCM and DVM and their
boundary conditions was responsible for easily expressing their load
characteristic, numerically, without the need of equating their topological
states. The understanding of DCM, DVM and DQRM is fundamentally
important, mainly in a CPT system, where low coupling capacitance
causes high voltage excursion as well as high resonance frequency
comparable with switching frequencies. Plus, heavy or light load, that is,
maximum or minimum delivered power phenomenon can be observed
through the proposed analysis, and also applied in classical converters.

Although no duality theory was implemented, many dual
occasions were observed between DCM and DVM. Indeed, such study is
valid or may easily be adapted to any 4" order PWM converter. As
demonstrated, the DCM region is to ZCS, as DVM region is to ZVS. Plus,
the CCM is region is to hard switching, as DQRM is to ZCS and ZVS.
Future studies are still required to understand the consequences of
operating in DVM and DQRM regions applied in CPT and comparison
with studies in [56] are still required.

Besides, placing a step-up coupled inductor in the secondary stage
was beneficial in terms of adjusting voltage gain levels for practical
implementation and power transfer capability. As it will be seen
following Chapter 7, the values of the inductances also require criteria
other than maximum ripple, commonly presented in the literature, in order
to increase efficiency of the converter.
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7 PROJECT AND SIZING

This chapter presents the sizing and design criteria of the proposed
converter. The development of the project has the purpose of verifying
the equations provided in Chapter 6 through simulation and further
experimental results. The complete schematic is presented in Figure 7.1.

The designed PCBs in 3D, shown in Figure 7.2, accurately presents
the primary and secondary stages prototype’s dimension including gate
driver, bridge rectifier and clamping circuitry.

Flgure 7.1 — Complete and idealized proposed CPT system.
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Figure 7.2 — The designed PCBs in 3D.
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Source: Own elaboration.
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7.1 Design specification

Although the commercial Twizy charger is a 2000 W, the proposed
converter was constrained to deliver 200 W. The reason for limiting
power is that a conventional Flyback is more cost-effective for relatively
low power applications (in DCM, it is commercially available for up to
150 W [62], [63]). Nevertheless, interleaving solution for the modified
Flyback can be further applied to reach higher power.

Input battery voltage goes along with Twizy’s battery
specification, whereas maximum and minimum input DC voltage of the
converter are specified according to a regular bridge rectifier connected
to the grid. The bridge rectifier, clamping circuit and gate driver were
designed and implemented as part of the prototype and are presented,
respectively in Appendixes F, D and H.

The switching frequency (300 kHz) and coupling capacitance
(about 10 nF) were selected based on approximated values found in [34].
As the converter is hard switched, frequency is also limited by excessive
switching loss. It is important notice that the selected frequency is lower
than the resonance frequency found experimentally in the reactive
elements (capacitors and inductors). The turns ratio n of the coupled
inductor was chosen so that the converter operates close to D = 0.5for the
sake of efficiency and good performance.

Table VI — Design specification.

Specification Value
Rated power 200 W
Nominal battery voltage 54V
Maximum battery voltage 59.8 V
Minimum battery voltage 49.25V
Maximum output current 3.34 A
Nominal input voltage 29557V
Maximum input voltage 31113V
Minimum input voltage 280V
Grid voltage 220 V RMS
Grid frequency 60 Hz
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7.2 Load characteristic specification

The first step is to choose adequately the parameters g, and w, .
The choice is based on the following criteria:

e 1) They are large enough to keep output parameterized current 7 in
the CCM region as small gain variations are expected. From Table
VI and applying (6.53), it is possible to define maximum, nominal
and minimum values for Y. These values are shown in
Figure 7.3 and are contained in CCM region.

e 2) Consider the power loss associated with leakage inductance of the
coupled inductor. Therefore, u, should be kept relatively low, as
leakage inductance is in proportion to magnetizing inductance.

e 3) The parameter 4, should be larger than 4, to compensate and

increase equivalent inductance. It also decreases current ripple
through the circuit, which increases efficiency.

Following it, the parameters ;4 =8 and u, =3 were chosen. Table

VIl presents the load characteristic specification, whereas
Figure 7.3 present the load characteristic plotting for the adopted
parameters. Note that the converter is expected to operate in the hatched
area, far from DCM region and even farther from DVM region. Using
equations (6.107) and (6.115) it is also possible to check the theorical
power range limits of the converter.

Table VII — Load characteristic specification.

Specification Value
Hy 8
75 3

Dy 0.477

D, 0.512

D 0.550

Vo 0.597

Vo 0.628
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¥ max 0.663
f. 300 kHz
C, =C, 10 nF
n 6
P 97.788 W
P 1.149 kW

Figure 7.3 — Load characteristic for the designed parameters.
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7.3 Component sizing
In this section, the equations presented in Chapter 6 are applied to

size the components. Afterwards, the components are either handmade
manufactured or commercially acquired.

7.3.1 Coupled inductor L,

Instead of the commonly ripple current technique, the coupled
inductor L, is calculated as a function of the load characteristic

specification shown in section 7.2 according to (7.1).
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2
L= :gc =506.6 xH (7.1)

2

The coupled inductor design needs an initial estimate of the core
size to meet the requirements efficiently and cost-effective. The used
method is based on the Core Area Product, obtained by multiplying the
core magnetic cross-section area A, by the window area (bobbin area)

A, available for the winding, as presented in Figure 7.4.

Figure 7.4 — EE Core representation.

|

Source: Adapted from [62].

7.3.1.1 Magnetic cross-section area A,
It follows from Faraday’s Law:

dé NAAB
E=N—2 = 1 max .
dt dt (7.2)

Where:
e E isthe voltage applied in the coupled inductor (V);
e N isthe number of turns;
e A, isthe magnetic cross-section area (cm?);
e AB,_, is the peak flux density swing (T);

Equation (7.2) is applied and developed for the secondary of the
coupled inductor, since a known and constant voltage is applied during
the second subinterval. The largest cross-section area occurs for
maximum gain scenario, as presented in (7.3).



104

\Y (1— Dmax)

'% ) fS NSABmax (7.3)

7.3.1.2 Window area A,

Let the definition of current density:

NIRMS = AE‘]max = KWKUZANJmaX (74)
Where:
® .y isthe RMS current applied in the winding (A);

e A, is the effective winding copper area;
e J__ isthe maximum allowed current density;

Two factors must be applied in the window area to relate it to the
effective winding cupper area. One factor that accounts for non-idealities,
such as creepage, insulation and voids between round wires. A safe factor
is K, =0.4. The other factor will be defined as a calculated secondary

use factor K, , presented in (7.5).

Kyp =——7—— (7.5)

Rearranging (7.4), results in the window area equation, presented
in (7.6), which also is the largest for D, .

NSILzs
= 7.6
A, KK (7.6)

w uszax

7.3.1.3 Ferrite core

The area product equation and its result are shown in (7.7). The
ferrite core available in the laboratory is a NEE-30/15/14 [64]. The
parameters used to calculate the area product are shown in Table VIII.
Their values and meanings are explained in the following sections.
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V,(1-D)I Lot

T KK, fAB_

w'tu2Y max s

AA, =0.459 cm* (7.7)

Table VIII — Ferrite core specification for coupled inductor L, .
IP12E Ferrite from Thornton and chose parameters

Specification Value
Volume 8.174 cm?®
Weight 21g

A 3.235 cm?
A, 0.507 cm?
AA, 1.037 cm*
K, 0.4
12 0.555
J e 465 Al cm?
AB__, 01T

7.3.1.4 Peak flux density swing

Core hysteresis losses are a function of flux swing and frequency.
The flux swing can be limited by loss or saturation. For operating
frequencies above 250 kHz [65], core loss is the determining factor.
Based on the curve provided by the datasheet of the material shown in
Figure 7.5, the initial peak flux density was set to 0.05 T, corresponding
to a core loss of approximately 30 mW(/g (in green). The peak flux density
in the curve must be doubled to obtain AB,, , as usually in datasheets

such curve is obtained from sinusoidal waveforms.
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Figure 7.5 — IP12 EE Core loss curve indicating powe loss for 0.05T at 300kHz.
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Source: Adapted from [64].
7.3.1.5 Current density

The conductors are calculated according to maximum current
density and skin effect. To meet current density requirement, the copper
area should be larger than the value presented in (7.8). The value of J__,

was iteratively set to 465 A/cm?.

IZ
S, = Jl =0.00149 cm’

Izm“ (7.8)
S, == =0,01114 e’

max

To avoid skin effect, the diameter must be less than the value
presented in (7.9). The selected AWG 30 diameter value is 0.025 cm, the
cupper area S, is 0.000509 cm? and the insulated area S,,; is 0.000704

cm?.

L =0.027 cm (7.9)

7
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Number of conductors in parallel are simply defined by (7.8)
divided by AWG cupper area, as presented in (7.10).

NS
" 0.000509
NC :S—S =
*0.000509

(7.10)

7.3.1.6 Number and of turns and winding configuration

A technique to reduce leakage inductance known as interleaving
was used. It divides the windings into smaller sections to decrease inner
magnetic field. In

Figure 7.6, it is presented the used interleaving structure with
K, =2. According to [66], the leakage inductance increases in direct
squared proportion to the number of turns over the factor K,, as

presented in (7.11). Therefore, the number of turns should be kept as low
as possible, while interleaving with K, =2 reduces leakage inductance by

4 times, compared to no interleaving structures.

o« (7.11)

Figure 7.6 — Coupled inductor with interleaving technique with K; =2.

=
=

o=

N,

NE
NE]

Source: Own elaboration.

The number of turns of the secondary is defined straight from (7.3)
, as presented in (7.12). Instead of rounding up, the number of turns is
rounded down in order to decrease leakage inductance as well as to
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facilitate manufacturing. Afterwards, the number of turns in the primary
is shown in (7.13). It is important to notice that the magnetic field AB,,,

increases with less given turns, and therefore compromises core losses,
although it improves winding efficiency.

Vo (1 Do)
N — 0max max =7 .
| & fsABmax (7 12)
N, =nN, =42 (7.13)

After determining the number of turns, the new magnetic flux is
recalculated as presented in (7.14) and core loss should be observed again.

AB __ Vo (1 Dma*)—o 11T 7.14
MaXpew A;fst M ( . )

7.3.1.7 Airgap

The addition of air gap introduces a much greater reluctance than
the core reluctance, making the value of the magnetizing inductance
virtually insensitive to variations of the core permeability. Therefore,
saturation occurs at higher values of current, more energy can be stored
and the inductor becomes less susceptible to variations in the magnetic
properties of the core. The total air gap, neglecting the large core
permeability compared to air permeability, is given in (7.15), whereas the
gap of each leg of the core is given in (7.16). In practice, these values
were finely adjusted to return desirable inductances.

NZ
L =2ANe 0634 (7.15)
LZ
HAN;
|, =——F=0.133mm
o= (7.16)

7.3.1.8 Fulfillment performance

To check whether the coupled inductor is performable or not, a
factor K is calculated as presented in (7.17). This factor must necessarily
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be less than 1 and it is advisable to be larger than 0.3. If it is not possible
to construct the winding in the available window area, one must adjust
the parameters AB,,, ,J...Or change the ferrite core in an iterative

process.

max

S e Ncp Np +Sue Ncs Ns
AK,

03<k= ~058<1 (7.17)

7.3.1.9 Coupled inductor’s main parameters

To find the main parameters of the coupled inductor, it was
performed open and short circuit tests. The inductance and equivalent
series resistance found in the short circuit test corresponds to the leakage
inductance and ESR, whereas the inductance found in the open circuit test
corresponds to the sum values between leakage and magnetizing
inductances. The tests were performed using E4990A-020 impedance
analyzer. The result is shown in Table IX. The turns ratio found was 6.13.

Table IX — Coupled inductor’s pratical main paramaters.
Magnetizing (uH) | Leakage (uH) ESR () Resonance (Mhz)

Pri. Sec. Pri. Sec. Pri. | Sec. Pri. Sec.

579.16 14.88 | 7.43 | 0.192 | 1.66 | 0.04 1.75 1.58

7.3.2 Inductor L,

As in section 7.3.1, the inductor L, is calculated as a function of

the load characteristic specification shown in section 7.2 according to
(7.18). The largest current ripple is found when maximum input and
output voltages are applied. Equation (6.82) is then applied for this
scenario, as presented in (7.19).

2
L= afl’;c —36mH (7.18)

Al =P 15103 ma (7.19)
1 Llf

S
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7.3.2.1 Ferrite core

Following the same procedure as in section 7.3.1.3, but
considering the input voltage during first subinterval, the largest product
area equation and its result are shown in (7.20). The largest value is found
when minimum input voltage and maximum input voltage is applied. The
ferrite core was the same of the coupled inductor due to availability.

Vi min =max * Ly, o

T K, [.AB,

wTmax °s

AA, =0.223 cm* (7.20)

Table X— Ferrite core specification for coupled inductor L, .
IP12E Ferrite from Thornton and chosen parameters

Specification Value
Volume 8.174 cm?
Weight 21g
A 3.235 cm?
A, 0.507 cm?
AA, 1.037 cm*
K, 0.7
J e 470 A/ cm?
AB,,, 0.05T

7.3.2.2 Peak flux density swing

Based on the curve provided by the data sheet of the material,
shown in Figure 7.7, the initial peak-to-peak flux density was set to 0.025
T, corresponding to a core loss of approximately 5 mW/g. Indeed, very
low magnetic loss is expected, whereas large cupper loss is foreseen.
Again, the peak flux density in the curve must double to obtain AB,,,, .
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Figure 7.7 — IP12 EE Core loss curve indicating powe loss for 0.025T at

300kHz.
Pp=[mW/g]
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Source: Adapted from [64].
7.3.2.3 Current density

To meet current density requirement, the copper area should be
larger than the value presented in (7.8). The value of J, . was set to 470

A/cm?. In order to avoid skin effect, the same AWG 30 type was selected,
and therefore, number of conductors in parallel is presented as in (7.22).

2

|
S, = JL— =0.00152 cm? (7.21)
S
N, =— 2 = 7.22
“0.000509 (7.22)

7.3.2.4 Number of turns and their configuration

The number of turns is presented in (7.23). This value is rounded
down. The 3 conductors were handmade twisted as in a Litz wire.

) :;QT%:% (7.23)
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7.3.2.5 Airgap

The total air gap, neglecting the large core permeability compared
to air permeability, is given in (7.24), whereas the gap of each leg of the
core is given in (7.25).

2
| = “ANS 6 0307 mm (7.24)
L,
NZ
I, = ANy 6 677 mm (7.25)
a,

7.3.2.6 Fulfillment performance

As in section 7.3.1.8 , the inductor fulfillment performance is
checked as presented in (7.26).

SN N
03<k="2C Kq 1-0302<1 (7.26)

7.3.2.7 Inductor’s main parameters
The values of the inductor’s parameters are shown in Table XI.

Table XI — Inductor’s practical main paramaters.
Self-inductance (mH) | ESR (Q) | Resonance (kHz)

3.35 | 41.95 | 803.9

7.3.3 Diode

The diode is specified according to maximum average and RMS
values of the current and reverse voltage. The average and RMS values
and equations, considering D =D, , are presented in (7.27) and (7.28),
respectively. Maximum reverse voltage condition occurs when maximum
input and output voltages are applied, as presented in (7.29). Therefore,
a Schottky diode IDH20G65C6XKSA1 from Infineon Technologies was
used. Its mains specification is shown in Table XII.
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o, =1, =3.344 A (7.27)
B = Iy, =B 179 A (7.28)
VARVA

o =Y, =12111V (7.29)

Table XII — Diodes’s main paramaters.

IDH20G65C6XKSA1
Specification Value
Reverse voltage (Vrrm) 650 V
Forward current (Ir) 20 A

Forward voltage (V) 1.25V

7.3.4 Active switch

The active switch is specified according to the maximum average
and RMS values of the current and maximum reverse voltage. The
average and RMS values, considering D =D, , are presented in (7.30)

and (7.31), respectively. Maximum reverse voltage condition is given in
(7.32).

Iy, =Gy, =119 mA (7.30)
l;, =0998 A (7.31)
V. =nV, =726.65V (7.32)

An active switch with fast commutation is mandatory to reach
good efficiency. Therefore, a Sic MOSFET C2M0280120D from
Cree/Wolfspeed was chosen. Its main parameters are shown in Table
XIII.
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Table XIIl - MOSFET’s main paramaters.

C2M0280120D
Specification Value
Drain-to-source Voltage (Vpsmax) 1200V
Gate-to-source Voltage (Vesmax) -10/25 V
Drain current (Ip) @ 100 °C 6A
Drain-to-source resistance Rpson 280 m Q
Input capacitance Ciss 259 pF
Output capacitance Coss 23 pF
Reverse transfer capacitance Crss 3 pF
tr rise time 7.6ns
tr fall time 9.9ns
Internal gate resistance Rg(int 114 Q
Gate charge total Qq 20.4nC

7.3.5 Coupling capacitor
7.3.5.1 Film capacitor

Before testing the converter with real metal plates, it was
performed a test using film capacitors meant for high-frequency AC and
pulse circuits. The coupling capacitors must meet the maximum allowed
AC voltage and RMS current. The RMS value voltage across the coupling
capacitors were calculated and their result is shown in (7.33). For quicker
check, it is also sufficing to check if maximum peak voltage value
calculated across the coupling capacitors are lesser than the RMS
specified by the datasheet of the capacitor. The RMS current value in the
coupling capacitors is presented again in (7.34). Table XIV presents the
main specification of the used film capacitor B32672.8103J000.

Ve,
Ve, =Ve,,, =3269 V<= (7.33)
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(7.34)

Table X1V — Coupling film capacitor’s specifiations.

B32672L.8103J000
Specification Value
Capacitance 10 nF
Tolerance 5%
tan 8 @ 100 kHz 2x103
Vrms@ 300 kHz ~150 V
lrms@ 300 kHz ~3A

7.3.5.2 Metal plate capacitor

Metal plates are selected as already presented in Section 4.7, and it
is presented in Table XV. The material, fiberglass, is named FR-4 (glass
reinforced epoxy laminate material. The dielectric strength d, of the
fiberglass is about 50 kV/mm, therefore, a minimum distance must be
respected to avoid voltage breakdown, as shown in (7.35). In the same
way, keeping the distance = 1.5 mm, a maximum voltage is allowed in
the plate capacitors is shown in (7.36). Notice that, using practical values
of the inductances and the values of the metal plate capacitors the relative
frequency parameters resulted in (14,4, )=(6.5,2.7).

Table XV — Coupling metal plate capacitor’s main specifications.
Metal Plates

Specification Value
Capacitance 7.1nF
Length 500 mm
Width 500 mm
Distance d 1.5 mm
Dielectric material Fiberglass
Dielectric constant &, 4.8
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Dielectric Strength d, 50 kV/mm
ESR @ 300 kHz 1Q
VC
Ay = d—“ =0.0012 mm (7.35)
st
Ve =dxdg =75kV (7.36)

7.3.6 Output capacitor

Maximum voltage ripple of the output capacitor was designed for
1% of the output voltage. From equation (6.79), it is possible to size the
output capacitor as presented in (7.37). It was observed that maximum
ripple voltage occurs for minimum output and input voltages,
corresponding to D =0.503. The output capacitor must also follow the
ESR criteria. Following the procedure in [62], the least ESR allowed is
presented in (7.38). Finally, the last criteria is the RMS current value
already mentioned in (6.95), which is expressed again together with its
result for highest value condition (Dmax), presented in (7.39). Therefore,

it was used the film capacitor CAGADUD5150AA1) from KEMET, with
main specifications presented in Table XVI.

I.D
= o~ 126 uF 1.37
° fs AVCO (%)Vo min # ( )
ESR < AVCD (%)Vomin _ AVCO (%)Vomin
| V' (1-D.. -~ _
Dp-pk n( omin ( min ) + Vlmax Dmm J
L, f, L f (7.38)
AV o T
- ZC“—)L“ =70.83 mQ
n?(1- Dy )

e =15, 12 =4645 A (7.39)
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Table XVI— Output capacitor’s main specifications.

C4GADUD5150AA1)
Specification Value
Capacitance 15 pF

Tolerance 5%
AC Voltage 160 V
DC Voltage 250V
Ripple Current @ 100 kHz 12A
Dielectric Material PP, Metallized
ESR @ 100 kHz 3.9 mQ

7.3.7Full bridge rectifier

The full bridge rectifier is specified for grid connection of 220
RMS and 60 Hz. The components are presented in Table XVII. The
complete design is presented in Appendix H —.

Table XVII — Prototyped full bridge rectifier’s components.

Component Type Main Parameters
Diode bridge Standard 600V /11V/15A
Input Capacitor C,, Electrolytic | 3-p x 330 uH /350 V/1.97 A
Discharge resistor Through hole 330k Q
7.3.8 Gate driver

The gate driver, presented in Figure 7.8, is an attachable device
designed to switch at least 300 kHz for SiC MOSFETS, with components
shown in Table XVIII. The complete design is presented in Appendix H.
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Figure 7.8 — Gate driver PCB in 3D.
25 mm

Source: Own elaboration.

Table XVIII — Prototyped gate driver’s components.
Component Type Main Parameters
DC-DC Converter Isolated 20V/-15V/I2W
IC Gate Driver Magnetic 1200V /=6 A/ 4 MHz
Bypass Cap. SMD Ceramic 1uF
Ratotal Intrinsic 13Q

7.3.9 Passive clamping circuit

The passive clamping circuit, presented in Figure 7.9, with
components shown in Table XIX, is also an attachable device designed to
clamp voltage up to 1000 V. The leakage inductance L., of L, is

submitted by the sum of the voltages V, and V, , but, differently from an

ordinary passive clamping circuit applied in a conventional Flyback, the
total voltage is also subtracted by the value VCM , as shown in (7.40). If

the converter comes closer to DVM or DQRM, the total applied voltage
across the magnetizing inductance during commutation tends to zero,
which makes the energy associated with leakage inductance to decrease,
and becomes independent of input, output or clamping voltage, but only
dependent and limited by (7.41). Consequently, these features under such
circumstances indicates that the modified Flyback has a large advantage
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over the conventional Flyback with respect to efficiency. The complete
design is presented in Appendix D.

Figure 7.9— Prototyped passive clamping circuit.

Source: Own elaboration.

1

P, =P, . =7.67W (7.40)
V. +V, =V,
1—| 0 “Cwm
Vcl
P =05L, (I, +1,, ) f,=375W (7.41)
Where:
e L., isthe leakage inductance of L, (H);
e P, isthe power loss associated with the passive clamping
circuit (W);

eV, voltage for which the circuit protects the switch (V).

Table XIX — Prototyped clamping circuit’s components.

Component Type Main Parameters
Clamping diode SiC Schottky 1200V/18V/1A
Clamping capacitor Film PET 2sx1nF/630V
Clamping resistor | Through Hole | (3s x 18 + 1x 12) k Q - 11W
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7.4 Open loop simulation results

The converter designed in this Chapter 7 is simulated using PSIM
software in order to validate the theory proposed in Chapter 6. The
simulated conditions are presented in Table XX and were chosen
according to the output practical experimental testing setup. It is

important to notice that, practical relative frequency parameters x4, and
M, changed from 8 and 3, to 7.72 and 3.21 respectively when using the

film capacitors of 10 nF and to 6.5 and 2.1 using the metal plates.

To obtain an idea of the open-loop dynamics presented in the main
waveforms of the converter, it is presented the output voltage, coupling
capacitance voltage and current in Figure 7.11 Figure 7.12, respectively.
The complete results are shown in Table XXI.

Table XX — Open-loop simulation’s specifications.

Specification Value
Rated power (P) 200 W
Output voltage (V,) 57.75V
Input voltage (V) 3055V
Resistive load (R,) 16.675 Q
Coupling capacitance (C, ) 10 nF
Coupling capacitance (C, ) 10 nF
Switching frequency ( f,) 300 kHz
Primary inductor ( L, ) 3.35mF
Secondary inductor (L, ) 579.16 pF
Output capacitor (C, ) 15 pF
Diode forward voltage (V) 818.09 mV
Duty cycle (D) 0.5275
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Figure 7.10- Simulated output voltage waveform.
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Figure 7.11 — Simulated coupling capacitor voltage waveform.
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Figure 7.12 — Simulated coupling capacitor current waveform.
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Source: Own elaboration.
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Table XXI — Open loop simulation’s specifications.

Parameter Calculated Simulated | Error (%)
Ve, =V, 60.961V | 60.659V 0.377
Ve, =Vo,. -43.526 V -43.090 V 0.538

I, 730.881mA | 728.449mA | 0.333
I, 570.756 mA | 569.057 mA 0.298
Lou 1.018 A 1.021 A 0.294
I, 55.412 mA 55.870 mA 0.819
s = Vo, 746.146 V 744.986 V 0.155
. =Vo 538579V [537.471V 0.206
AV, 408.617 mV 402.415 mV 1.032
s 657.653mA | 657.081 mA [ 0.087
- 656.316 mA | 655.889 mA 0.065
oo 932.709 mA |[932.432mA | 0.029
5220A |[5216A 0.076
. 3906 A |3.905A 0.025

7.5 Final considerations

In this Chapter, the components are sized, according to power,
switching frequency, applied voltages and current stress, always
observing the load characteristic. Different from a conventional Flyback,
the inductance values were sized with respect to their relative resonance

frequency parameters 44, in order to provide desired load characteristic

and increased efficiency. Some steps have been provided to minimize
losses associated with leakage inductance. A comparison between
simulated and calculated results have shown a maximum error of 1.032%,
validating the equations so far presented.
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8 EXPERIMENTAL RESULTS

This Chapter presents the experimental results, which consisted in
two parts. The first part presents the experimental results using the film
capacitors presented in section 7.3.5.1 to validate the system’s
performance and acknowledge its stability. The second part presents the
results of the metal plate capacitors, and, therefore, are more meaningful.
Primary and secondary layout, shown in Appendixes | and J, respectively,
were developed to work with either film capacitors or metal plates
connected through cables.

To generate signals, it was used a DSP from Texas Instruments
(LAUNCHXL-F28069M), shown in Figure 8.1. In order to supply
auxiliary voltage for DSP and gate driver, it was used an AC/DC
Converter 5V +/- 15V 66 W (RT-65 Series) from Mean Well, shown in
Figure 8.2 (a). Notice that the power related to the signal generation were
not accounted in the overall efficiency. A 1-phase Variac, shown in
Figure 8.2 (b), was used for protection. The DC voltage of the full-bridge
rectifier was observed while varying the Variac, and it always set to 305.5
V dc. In Figure 8.3, it is presented the prototyped devices.

Regarding measurements, it was used a power analyzer PA400 and
Scope MD3014, both from Tektronix.

Figure 8.1 — DSP LAUNCHXL-F28069M.

Source: [Texas Instruments].

Figure 8.2 — Simulated coupling capacitor voltage waveform.

(b)

Source: Own elaboration.
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Figure 8.3 — Prototyped: (a) gate driver, (b) passive clamping circuit.

(b)

Source: Own elaboration.
8.1 Prototype’s waveforms
8.1.1 First setup

The first setup, shown in Figure 8.4, had the purpose to first
validate the theory using a film capacitor. In Figure 8.5, it is presented
where the coupling capacitances were placed. The experimental
specification is presented in Table XXII and it is in accordance with the
resistive load available at the laboratory. Note that, different from
simulation results, a practical 0.54 duty cycle was used. The reason for
this is that the analysis presented in previous chapters did not consider the
conductive and switching loss in the circuit. These non-idealities caused
voltage drop in the circuit, and therefore, an actual larger duty cycle was
needed to compensate. Another reason is that previous theory did not
include the leakage inductance of the coupled inductor.

Table XXII — First setup’s experimental specifications.

Specification Value

Rated power (P) 201 W
Output voltage (V,) 57.75V
Input voltage (V,) 305.5V
Resistive load (R,) 16.6 Q
Coupling capacitance (C, ) 9.98 nF
Coupling capacitance (C,) 10.04 nF
Switching frequency ( f,) 300 kHz
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Primary inductor (L) 3.35mH
Secondary inductor (L, ) 579.16 pH
Output capacitor (C, ) 15 pF

Duty cycle (D) 0.54

The first step is to check driving signal, maximum voltage across
switch elements and maximum current RMS current, as presented in
Figure 8.6. Notice that a filter mode was applied for the isolated voltage
probes to avoid noise or unrealistic information whenever it was
convenient.

Figure 8.4— First experimental Setup: complete view.
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Source: Own elaboration.

Figure 8.5 — Film coupling capacitances were placed in the primary circuit.

Source: Own elaboration.

Drain-to-source peak voltage was 860 V instead of 1000 V
designed to clamp. The reason is that, again, the lossless theory presented
did not account for damping in the circuit. In most waveforms, it is also
observed an oscillation of approximately 5 MHz due to stray inductances.
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In Figure 8.7, it is presented the detailed gate waveform. High
frequency spikes could only be observed during tests. Rise and fall times
kept within 20 ns.

Figure 8.6 — Waveforms: Gate-to-souce voltage (dark blue), Drain-to-source
voltage (purple), Reverse diode voltage (light blue) and diode current (green).

Tek Run [ [ | ] Trig’d

EX|ID
& oo0v 20005 S00MS/S [ W3
1o0kv & 120,04 10k points 1.00 Y
Value Mean Min Max Std Dev
Iax 860 Y 860 20 900 7.55
23 Tan 2018
&9 Mean 3494 351 336 369 54.4m 14:57:21
[ 4 LS 5454 5.50 527 568 65.2m

Source: Own elaboration.

Figure 8.7 — Detailed waveform: Gate-to-souce voltage (dark blue).

Tekfun | —F ——] 1 Trig'd
p
800ns 1.2565/3 @ 7
& oV )| 10k polnts 15.4 ¥
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@D rall Time 18.44ns 18.43n 17.93n 19.09n 263.5p 23 Jan 2013
& ax 20.6 W 29.1 28.0 30.0 556m 11:46:29
& Min =760 =7.99 —-8.40 —7.60 203m

Source: Own elaboration.

In Figure 8.8, it is presented the detailed diode waveforms. A peak
voltage spike of 470 V across the diode is observed, due to reverse
recovery phenomenon, even though it is a SiC Schottky! Notice that,
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maximum reverse voltage calculated, shown in section 7.3.3, resulted in
121.1 V, but it is not enough to size the component. The waveforms of
the voltage and current across inductors L, and L, (primary values) are

presented in Figure 8.9.

Figure 8.8 — Detailed waveforms: Reverse diode voltage (light blue) and diode

current (green).
TelePrety [ = T— s W—

@ 728.3kH: 16.00 4
O s44.6kHz 12,404
£5.319MHz A3EB00A ]

][SOOHS 1,2565/5 [ W3 }
+10.0 4 10k points 800mY y
Yalue Mean Min Max Std Dey -
23 Jan 2019
€D Mean 3334 3.30 321 335 40.6m 15:00:42
[ 4 Ll 5.244 5.24 5.17 5.31 42.5m

Source: Own elaboration.

Figure 8.9 — Waveforms: Voltage (purple) and current (green) across inductor
L1, and Voltage (dark blue) and current (ligh blue) across inductor L, (primary).
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Source: Own elaboration.
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In Figure 8.10 and Figure 8.11 are presented the detailed of the
inductors L, and L,, respectively. Again, an oscillation of approximately
5 MHz is observed during the demagnetizing (second subinterval) of the
inductors. Notice that, different from a conventional Flyback, the average
current value of the primary winding of L, is almost zero, a benefit.

Figure 8.10 — Detailed waveforms: Voltage (purple) and current (green) across

inductor L.
Tek Run [ = 1 i ] Trig'd
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Source: Own elaboration.

Figure 8.11 — Detailed waveforms: Voltage (dark blue) and current (ligh blue)

across inductor L.
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Source: Own elaboration.
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The voltage and current waveforms across the coupling capacitors
are shown in Figure 8.12. Current in the coupling capacitors are
electrically the same, which is the same of the primary winding current in

L, . Note that the voltages were measured with opposite polarities.

Figure 8.12 — Waveforms: Voltages across the coupling capacitor C; (dark
blue) and C; (ligh blue) and current across C; (green).
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Source: Own elaboration.

Figure 8.13 — Detailed Waveforms: Voltages (dark blue) and current (gree)
acrosss the coupling capacitor C.
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Source: Own elaboration.
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In Figure 8.13 the voltage and current acrossC, is presented with

better details. Its peak voltage 65.6 V a and a clean waveform is observed,
similar to simulation results (approximately 61 V) presented in Table
XXI, an error of 6.5% On the other hand, the 5 MHz appeared in the
current waveform during second subinterval. Note that the current
measured is misleading, as the probe should have been used with the other
polarity. The RMS value (704 mA) presented satisfactory results
regarding calculated value (657 mA), an error of 7.1%.

Finally input and output waveforms of the prototype are presented
in Figure 8.14. Taking the measurement from the scope, apparent power
was 399.6 VA and input power was 221 W. Therefore, power factor of
0.5 and efficiency of approximately 90% is estimated through scope
measurements. These results give a general idea, but can be misleading
since the scope is not the proper equipment for measurements. In the
following section, with metal plate capacitor setup, a power analyzer was
used to measure in a proper way.

Figure 8.14 — Waveforms: Input grid voltage (dark blue), input grid current
(purple), input active power (red), output voltage (light blue) and output current

(green).
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8.1.2 Second setup

The second setup is presented in Figure 8.15. As it can be seen, the
only difference from first setup is the use of actual metal plate capacitors.
Therefore, the capacitance value of the experiment is 7.1 nF for each
capacitor. As the capacitance changes from 10 nF (70%), so will slightly
change static characteristics since there is a decrease in the ratios from

(14, 1,)=(7.72,321) to (m,1,)=(6527). As the static gain

increased, the output voltage resulted in 58.3 V. In Figure 8.16, it is shown
the driving signal when the converter is not in operation, showing a clean
waveform with no spikes or oscillation. Under such circumstances, the
measured rise time was 26.8 ns and fall time 18.8 ns. At rated condition,
however, spikes and oscillation are observed across the gate voltage, as
presented in Figure 8.17.

Figure 8.15 — Second experimental setup : (a) Primary side, (b) Secondary side.
Primary Signal Conditioning
copper plates

500 mm

g

Source: Own elaboration.

It is also presented the switch waveforms: voltage and current.
Notice that, the voltage is clamped at 730 V instead of 860 V in previous
setup, due to decreased total voltage applied across the leakage
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inductance. As shown in (7.40), passive clamping circuit is dependent of
voltage across the coupling capacitors. However, the circuit has not been
adjusted so that the performance of the converter could have been verified
under capacitance variations.

Figure 8.16 — Detailed waveform: Gate-to-souce voltage (dark blue).
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Figure 8.17 — Waveforms: Gate-to-souce voltage (dark blue), Drain-to-source
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In Figure 8.18, it is presented the reverse voltage across the diode
and its current. A peak voltage of 404 V across the diode is observed,
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which compared with previous tests, resulted in a reduction of
approximately 65 V. Regarding diode current, a peak of 17.6 A is
presented with oscillation kept around 5 MHz. Figure 8.19 presents the

waveform across L,, in which mean and RMS kept practically the same
with respect to previous experiments, but with increased current spikes.

Figure 8.18 — Detailed waveforms: reverse biased diode voltage (dark blue)
and diode current (light blue).
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Figure 8.19 — Detailed waveforms: Voltage (light blue) and current (green)
across inductor L.
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In Figure 8.20 and Figure 8.21 are presented, respectively, the
primary and secondary waveforms of L,. An increase compared with

first setup of the RMS values are observed (8% across primary winding
and 7% across secondary winding. Average value maintains its null
feature across primary winding and an increase of 1.75% in secondary.

Figure 8.20 — Detailed waveforms: Voltage (dark blue) and current (light blue)

across inductor L, (primary side).
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Figure 8.21 — Detailed waveforms: Voltage (dark blue) and current (ligh blue)
across inductor L, (secondary).
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Figure 8.22 — Waveforms: Voltages across the coupling capacitor C; (dark
blue) and C; (light blue).
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Figure 8.23 — Detailed Waveforms: Voltages (dark blue) and current (purple)
acrosss the coupling capacitor C.
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The voltage waveforms across the coupling capacitors are shown
in Figure 8.22. The most significant differences between both setups are
found in these waveforms. Peak voltage went from 65.6 V in previous
experiment to 92 V, a variation of 42 %, whereas RMS value went from
33V 1o 47 V, corresponding to a variation 27%. More spikes are noticed
in the beginning of the first subinterval, when the MOSFET starts to
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conduct. One reason for this to occur is that the connection of the plate
capacitors is done using cables, which provokes a dynamic of very high
frequencies due to stray inductances. The current in the coupling
capacitor is shown in Figure 8.23, which is the same current of primary
winding shown in Figure 8.20. Finally input and output waveforms are
presented in Figure 8.24.

Figure 8.24 — Waveforms: Input grid voltage (dark blue), input grid current
(purple), input active power (red), output voltage (light blue) and output current

(green).
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8.2 Efficiency curve

Still testing second setup, the overall efficiency curve against
output power was taken using a PA400 Power Analyzer from Tektronix,
as shown in Figure 8.25. Output power varied from about 70 W to about
rated power, 200 W. The tests consisted in keeping duty cycle and input
DC voltage constant, while resistive load was varied appropriately.
Maximum efficiency found was 85.9%. Regarding power quality, at rated
condition, power factor was 0.6. The input voltage grid had a 3.52 %
THDv , whereas current had 123.89 % THDi.
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Figure 8.25 — Overall efficiency grid-to-load.
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As presented in Appendix G, an estimated loss trough the circuit’s
component is calculated. The results have shown a total loss of 23.2 W,
resulting in an overall efficiency of 89.6%. Indeed, only DC loss was used
in cupper loss of the circuit, indicating that more loss should be expected
in the inductors and the coupling capacitors. Besides, rise and fall time of
MOSFET in practice was higher than datasheet’s information, misleading
to lower loss. A distribution of the estimated loss is presented in Figure
8.26. Notice that the energy associated with leakage inductance and

absorbed by the clamping circuit represents most of the of the loss,
followed by MOSFET loss and bridge rectifier.

Figure 8.26 — Estimated loss through the converter.
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8.3 Final considerations

The results presented in this Chapter validates the theory, reaching
close values and waveforms. Although the converter was designed for a
10 nF coupling capacitance, it still kept its static characteristic almost
constant at relatively good efficiency for a 7.1 nF coupling capacitance,
that is, 70% of rated coupling condition. This result stands out with
respect to resonant converters, that requires a high degree of impedance
matching, meaning complex filters or frequency variation. The reason for
keeping its static gain and characteristic almost constant can be observed
through the load characteristic plane, where output parametrized current

kept in the CCM region. It can be concluded that, by oversizing x, and

M, , the converter tends to keep its CCM characteristics if the coupling

capacitances decreases.

Peak overall efficiency of 86% was really satisfactory, considering
that no sophisticated switching technique was implemented to deal with
leakage inductance and switching loss. It was concluded that the energy
associated with leakage inductance plus the switching energy makes up
to at least 50% of the total loss. Such loss can be mitigated when operating
close to DVM or DQRM region, since switching operation approaches
ZVS, while leakage associated loss decreases up to (7.41).

Better results can be evaluated if the passive clamping circuit is
redesigned, considering now that voltage across leakage inductance is
decreased, and therefore, more efficient. However, the presented results
also validate the good performance of the converter over the coupling
capacitance range variation.
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9 CONCLUSION

A study of a 200 W modified Flyback converter, operating in
CCM, with 86% overall efficiency, applied in CPT for wireless battery
charging implementation and specified for a 58 V EV was presented and
validated through experimental results, that confirmed theoretical and
deduced equations.

Regarding classical PWM converter theory, a new approach that
do not neglect neither voltage or current ripple was important to precisely
express the static gain as a function of reactive elements, switching
frequency and duty cycle. Indeed, such study is valid or may easily be
adapted to any 4" order PWM converter, as they are a specific case of the
developed theory in this thesis. Not only the static gain, but all the initial
conditions in CCM has been successfully expressed, from which a clever
parametrization of the output current was responsible for describing the
converter in a generic way. Therefore, a multivariable problem is
synthesized in two main parameters: static gain and output parametrized
current. The theory presented important tools for designing and
understanding the low coupling capacitance effect on 4" order PWM
converters.

The strategy of using Constant Power Load (CPL) theory for DCM
and DVM and their boundary conditions was responsible for easily
expressing their load characteristic without the need of equating their
topological states. Understanding the regions DCM, DVM and DQRM is
of great importance, mainly for PWM converters applied CPT systems,
in which low coupling capacitance causes high voltage excursion as well
as high resonance frequency comparable with switching frequency.

The criteria of keeping low magnetizing inductance of the coupled
inductor in secondary stage and large self-inductance of the primary stage
was important to provide good efficiency, even though the converter is
hard switched at 300 kHz and contains leakage inductance. This fact
indicates that with an optimization methodology, efficiency can increase
even further. It might be possible that the modified Flyback converter
overcomes the conventional Flyback in terms of efficiency. That is
because the modified version can operate in DVM or DQRM region,
switching with ZVS or ZVS and ZCS. Close to these regions, the
modified Flyback is also suitable when passive clamping is performed, as
it performs clamping more efficiently.
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The tests have shown that the proposed converter is ideal for low
power electronic devices, in the same way that a Flyback is ideal for
SMPS, at comparable efficiencies and power factor.

9.1 Future studies

It follows some proposals and future works:

1. Implement closed loop control using wireless communication
between primary and secondary stages.

2. Future studies are required to understand the consequences of
operating in DVM and DQRM regions applied in CPT.

3. Plotting and studying parametrized maximum, minimum and RMS
values against parametrized output current plane.

4. Consider important resistances and the magnetizing inductance.
Afterwards analyzing the static gain, load characteristic and efficiency
of the converter.

5. Verify the cross-coupling capacitance effects on the Flyback
converter.

6. Consider the magnetizing inductance during the analysis of the

converter. It is also suggested the use of an active clamping circuit and

performing traditional ZVS and/or ZCS technique.

Performing PFC.

Raising the frequency to MHz order.

Either designing a converter with larger rated power or integrate other

Flybacks using interleaving structures to increase power up to Twizy

rated specifications.

10.To use other topologies regarding gain level, other than the coupled
inductor of the Flyback. Indeed, through simulation it was observed
that a simple Buck converter connected between a Buck-boost
converter and the output load was able to provide considerable gain.
It is also useful as a power control converter implementation, since it
can be performed in the secondary stage, mostly without the need of
wireless communication between the two stages.

© oo N
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Appendix A — Modelling

This Appendix presents the dynamic modelling of the proposed
converter. The State-space averaging (SSA) technique was used to find
the main transfer functions with respect to duty cycle responsible for
controlling a battery charger: output voltage and output current. In
general, a battery charger controls the output current during CC mode and
the output voltage during CV mode. Therefore, during the CC mode, the
current mode control is active, whereas in CV mode is inactivated and
vice-versa.

Modelling strategy:

In the modelling, it is considered non-resistive and ideal elements
of the equivalent circuit presented in this thesis. Each subinterval is
modeled in arrays in which the combination of the state and output
equations represent the state-space system. The state vector x(t) is

defined by the collection of the currents in each inductor (i, i,,)and

the voltages across each capacitor (V. , VZ ) as shown in (1.1). The output

capacitor is reflected by dividing by n®  while the input or control
variables are defined by the source of the input voltage V. (1.2). The two

outputs will be observed: the output voltage v, and inductor current i,
. Notice that average value of i, is the output current.

. « T
X :I:ILl’ILZ’VC'VCO:I

(1.2)
:[)(1')(21)(31)(4]T
u=pMT (1.2)

Applying Kirchhoff’s voltage and current law during the first
subinterval (0<t<DT,), the dynamics of four state variables are

obtained through algebraic manipulations:

L% =V, (13)
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(1.4)

(1.5)

(1.6)

(1.7)

Similarly, equations are obtained during second subinterval

(DT, <t<T,):

LoX =% —X,
L, X, ==X,
Cxy=-X,

* * X
Gy =, =2

0

(1.8)

(1.9)

(1.10)

(1.11)

The state-space is then represented by matrices A, B, , C, and
E, during first subinterval are presented in (1.12) and by A,, B, , C,
and E, during second one, as presented in (1.18) The matrix K is a

diagonal matrix containing the storage element.
0<t<DT,

Kx=Ax+Bu
y=C,x+Eu

(1.12)
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(1.13)

(1.14)

(1.15)

(1.16)

(1.17)

(1.18)

(1.19)
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0
B, = 8 (1.20)
0
0 001
C“{OJ_O J (1.21)
0
Ezz{o} (1.22)

In order to find the behavior of the average and continuous mode,
(1.12) and (1.18) are weighted over the duty cycle D, as shown in (1.23)

K<;<>=A<x>+ B(u)

(¥)=Ce(x)+E{u)

(1.23)

A=AD+ A, (1-D)
B=B,D+B,(1-D)
C,=CD+C,(1-D)
E=ED+E,(1-D)

(1.24)

Finally, (1.23) is linearized, considering assumption (1.25) through
the perturbation of small signals (represented by lowercase letter with
symbol “*””) around the desired operating point (represented by capital
letter), as presented in (1.25). Note that, from this moment, small ripple
approximation is assumed and, therefore, a small error is expected!
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X)=X+X ifX>>X

(1.25)

(x)

(y)=Y+y if Y>>y
(uy=U +0 ifU>>0
{

D>:D+& ifD>>d

This perturbation and linearization results in equations of DC
terms (1.26), first order AC terms (1.27). and second order non-linear AC.
Second order terms are neglected as long assumption (1.25) is satisfied.

{x = AX +BU
(1.26)

Y =CX +EU

K;(:A>A<+BL]+[(A1—A2)X+(|31_'32)U]CT (1.27)
y=C. R+ E0+[(Ca—Cb)X +('51—EZ)U]Oi

By manipulating (1.26), it is possible to obtain the steady state

values of X and Y, and hence the steady state average across X and Y, as
shown in (1.28).

(1.28)

X =—A"'BU
Y =(-C,A"B+E)U

Finally, by applying Laplace transform in (1.27), using (1.28) and
manipulating this equation, it is possible to obtain the desired output
transfer functions, as presented in (1.29).

=C,(Ksl -K*A*) "B, +E, (1.29)

B,=[K'B* K'(A-A)X+(B-B,)U] (1.30)

E-=[E (C,-C,)X+(E —E,)U] (a3
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Applying these equations, the transfer function of the output
voltage with respect to duty cycle is presented in Eq (A-1). As it can be
seen, it is a 4™ order plant, as expected. Notice that the turns ratio must be
applied accordingly. In Fig. (A-1), it is presented the bode diagram.

3 2
—2.932e06 " + 1.651s™ + 6.203el% + 8.035e22 Eq:(A-1)

s* 1 38565° + 1.265e115> + 4.834el14 + 5.664el.

1
Gyo d(8) = o

Figure: (A-1) — Bode diagram of the transfer function Vo/d: (a) gain, (b) phase.

Transfer Function Vo/d (Gain)

100

Gain(dB)
/
/

-100
10 100 10° 10 10° 10° 10°
®
(@)
l OO Transfer Function Vo/d (Phase)
0
©
£
o L]
-200
-360 3 4 5 6 3
10 100 10 10 10 10 10°
(O]
(b)

Source: Own elaboration.
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The transfer function of the reflected (turns ratio factor is applied)
inductor current with respect to duty cycle is presented in Eq (A-2). In
Fig. (A-2), it is presented the bode diagram.

3 2
1.299e06~ — 2.508el1s™ + 3.248el6 + 1.291e20 Eq: (A-2)

GiLo_d(s) :=

54 + 385653 + 1.265812Is2 + 4.834eld + 5.664el!

Figure: (A-2) — Bode diagram of the transfer function iL2/d: (a) gain, (b) phase.

Transter Function iL,/d (Gain)

100
) AL LA
£ i
® =
) 0
-100
10 100 10° 10°* 10° 10° 10
Q)
(a)
1 00 Transfer Function iL,/d (Phase)
0
© L
- N
2200 X
oot N
-360 3 = 4 5 6
10 100 10 10 10 10
Q]
(b)

Source: Own elaboration.
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Simulation results comparing switched and SSA models are
presented in Fig. (A-3). It is possible to notice that, due to small ripple
approximation assumption, an error is expected, which is more
accentuated in voltage plant.

Figure: (A-3) — Simulation comparisons: (a) Vo/d, (b) iL2/d.
Vo(SSA model D; C =5 nF)

64
62
60
58
56
0.03 0.031 0.032 0.033 0.034
Time (s)
()
IL2(SSA model Dc; C = 5nF)
|
6
4 W
2
°
0.03 0.031 0.032 0.033 0.034
Time (s)
(b)

Source: Own elaboration.
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Universidade Federal de Santa Catarina
Centro Tecnologico
Programa de Pos-Graduagio em Engenharia Elétrica
Instituto de Eletronica de Poténcia

e

J

UNIVERSIDADE FEDERAL
DE SANTA CATARINA

Fotovoltaicaufsc

Master's student: Glauber de Freitas Lima
Advisor: Prof. Dr.Ivo Barbi

Modified Flyback Applied in Capacitive Wireless Power
Transfer Project

Fixed specifications__ |  [fosi [Test operating mode: CCM ]
[alculated values | [Function

FIXED PARAMETERS

Grid voltage RMS ( V)

Nominal battery voltage

@50%S0C (V)
\Z in =49.25-V| Minimum battery
o_min voltage @10% SOC (V)
Vo_max =59.8.V] Maximum battery

h=4

Vo = (Vg + Vp )n =324V

[Vor_min = (Vo_min + VD) =2955V |

[Vo_max = (o_max + VD)0 =3588V |

|Vi7max ::Vin'ﬁ =311.127V |

voltage @90%SOC (V)
Turns ratio

Diode forward
voltage (V)

Reflected nominal
voltage (V)

Reflected minium
battery voltage (V)

Reflected maximum
battery voltage (V)

Maximum input voltage (V)

|Vi_min =0.9-Vj_may =280.014V | Minimum input voltage (V)
V; + Vi o
i_max * Vi_min
ML _ 295571V Nominal input voltage (V)

Minimun static gain

Maximum static gain




158

(e
min
Daprox_min = 1+6.. 0.487
'min
Gmax
Daprox_max = T+6 0562
max
=0.629
=0.664
i_min
lot
= =0.597
[ o-min 25-C-Vi_max

Vi oh = Vi min = 280014V

358.8V

ochn=

Vo'ﬁch

=1.281

Nominal static gain

Rated Power (W)

Switching frequency (Hz)

Switching period (s)

Angular switching frequency
(rad/s)

Constant current mode (A)

Reflected constant current (A)

Maximum avarage input
current (A)

Aprox. nominal duty cycle

Aprox. minimum duty cycle

Aprox. maximum duty cycle

Equivalent coupling capacitance.

Nominal output parametarized current

Maximum output parametarized current

Minimum output parametrized current

Chosen input voltage (V)

Chosen output voltage (V)

Chosen reflected output voltage (V)

Chosen static gain
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o
Yo ch=Sr av .
~ 2'fs'C'Vi_ch

0.66

Chosen reflected output current

Chosen reflected resistive load

LOAD CHARACTERISTIC

LL

2
Logi= = 4441477 uH
S P Y

(04 =
1= It

-
=2356% 10°~
)

1
0o .=\/?

-
~6283 % 10°~
S

Goem(@ Bix: Hax)=

d-m (1-d)=m

1+ — -cot|
Mix [ Mx

L4 —d)-(n)_om[
H2x

£,
H2x

Chosen u1

Chosen u2

Inductor L1

Inductor L2

Equivalent inducatance

Angular frequency of L1C (rad/s)

Angular frequency of L2C (radés)

Static gain function Vo'/Vin




160

[Prmin :=ro0t(@cem(@: 11, 142) ~ Grin d, 0.001,0.999) = 04775 | inimum duty cyce Normalized static gain
1.0 T T T T
[p=root(Goom(@. 111. 12) ~ Gch.d. 0.001,0.999)= 05502 |  Chosen Duty cycle whih is maximum 1,04 g
S oh ) 1.02- Ol
ch-
G_ch+‘—“cot S -1 1
12 H2
= = — =0.5502 Check duty cycle. If 0.9¢ L L L L
G_chm Dn T T =D =>CCM 0 02 04 06 08
-cot| — | + —| cot| (1 - D)-—
Ho Mo ) H4q n D
Parameterized Maximum and Minimum current and voltage values in reactive elements
n-(l—-d) n-d Gama
Emy (d,Gama,Mx,uzx)::l - GCCM(dex’“Zx)i‘CO‘ = = = =
H2x H2x e (-9 nd
+ -cot
H2x H2x
n-(l-d) n-d Gama
ety (8 Gama, gy, oy )= = | Goom(E: max Hax ) — —— ot ~— | - = 5
Hax Hax il 2 (1-d) nd
+ -cot
H2x H2x

IL2my (0 Gama. u1x. uax )

Xl (= 5my (@ Gama, iy 194)) 221 -d) Scem(® Bix-Hax)
Gama“:o | - :

2 2n-d
H2x Hox sin| =
H2x

T, (d.Gama. piqg. el = ;
= mt[H}( Sy (@ Gama, 1y HZX))’ZN(12d)‘GCCM(dexv“Zx)m'[M]

ILomy (0 Gama. 1y uax )

Gama Hax H2x Moy Moy
| i n LR (Emy (@ Gama, gy g0 )~ Goom(@: Hix-H2x))  2.7.d J2e(-0)
L1my( > ama!“1x’“2x)- s i + ——.cot| ———
Gama H1x H1x sz H1x
(Emy @ Gama. gx.19,)- Gcom(@ 1x-Hox)  2.n.d 1
11ty (0 Gama, pqy. Hay ) T T Tar(1-9)]
Hix ol o 22l =8
Hx
S
|y DVM (d, Hexs sz):: rool(GCCM(d, Hexo ”2x)+ = EMy (d, Gama, pqy, pzx), Gama, 10 .10 ] CCM-DVM Boundary
9 6
|~{ DCM(d' Hex “Zx):: rool(IUmY (d, Gama, Hex» “2x)*‘ 'L2my (d, Gama, Hex» ”2x)' Gama, 10 7, 10 )1 CCM-Dem Boundary
[S(d- Gama, n1x. 1ax):= [Gcem(@ mix- tax) i 7DeM(@: ix- Hax) < Gama <y pym(E- H1x- Hox)
1oeM(@: h1x-h2x))
[GCCM (@ paxopox)——g—— | If Gama<ypem(@ ix:kax) Load characterstc
7pvm(@: H1x:H2x))
{GCCM("’MX’“ZX)T it Gama >y pypm(@. 1x: hox)
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¥pem(D-11.12)=0.

pvM(D; 1q.1p)=3.813

Yo_min = 0.597
7o=0.629

¥o_max = 0-664

IS) IS I°N o
) IS =N

=)

0.2 0.4 0.6 0.8 1 2 3.6 52 6.8 8.4 10

Gama Gama

Maximum and minimum critical values

¥ DCM D, Hq.HD)= 0.324 Critical minimum parametrized output currente
" DVM D, Hy.HD)= 3.813 Critical maximum parametrized output currente

|PDCM =Geem(@. 11, “Z)Vi_chz‘z‘fs C1pem(@. 11, 1p)=97.788W | Minimum power

2 3
|PDVM =Geem(.11:12) Vi ch 215 C7pym(D. 11.1p)= 1149 x 10°W | Maximum power

MAXIMUM AND MINIMUM VALUES

Maximum and minimum voltage value across coupling capacitor

Vom
[Vem =emy @70 ch-11.12) Vi cn = 127583V | vemmax=> Vg = —= = 63791V
— — v
[Yom ==my ©O-7o_ch-t1. 82} Vi cn = 87839V | Vetmin=> NVeqm = % — 43919V

|Vi_ch + Vo ch—Vom = 511231V | [F>0=> ok _Otherwiss, DVM or DORM.

Maximum and minimum voltage value across the switching elements

[Vsm =[(1 + ScemP- 11 12))~ 2my (B 7o_ch-11,12)['Vi_oh = 726653V |

Vsm =[(1 + GcemP-11-#2))~ emy @-70_ch-11-12)[ Vi ch =S11231V |

Vsm

=121.109V
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Maximum and minimum current values in the inductors

[Lam=leamy @70 _ch-11 12}l =0.782A |

||L1m = IL1rm/ (Dvyoichv“1 f “2)'0': 0.64A |

[Lom=omy -7 0_ch- 11, o}l = 1.052A |

[lL2m = omy (70 _ch- 11, 12}l = —0-01A |

I 1m * lom = 0.629A

[f>0=> ok. Otherwise, DCM or DQRMS

Maximum and minimum current values in the switch

ISM = IL1M + lom = 1.834A
ISm = L1m * lLom = 0.629A

RMS Values in the switching elements

Switch S
D-Tg 2
© ) Vich't
ISRMS = L—z»(vLch = Vg }sin(@2-t)+ I om-cos (o:t) + L IL1m || dt=0.998A
0
Diode D
(D), )
C . Vo‘_ch'l
IDRMS = | =— n{ I qy-cos (1-t) + » “(Vem — Vo' cn)sin(e1-t) —, " Iom ||| dt=5.179A
0

RMS Values in the energy storage elements

Inductor L1
D<Ts 5
1 Vich't
IL1aRMS = | 7= —— + lLqm | dt=0.528A
s 1
0
(1-D) Ty _ )
IL1bRMS = | T {IUM'COS(‘U{‘)* (VCM*VO~7Ch)Sin(m1~t)} dt=0483A
S
0

2 2
||L1RMS::\/IL1aRMS +IL1bRMS” = 0.715A |
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Indcutor L2
1 DT, _ 5
IL2aRMS = 7 { sz-(viich—VCm)sin(wz-t)+ ||_2m-cos(m2-t) dt = 0.494 A
0
(1-D)-T,
s 2
1 Vo _ch't
IL2bRMS = [ 7~ ———=— +l gy | dt=0405A
TS Iz
0

2 2
||L2RMSp ¢=\/'L2aRMs +IL1bRMS” = 0-691A |
IL2RMSs = IDRMS = 5-179A

Coupling Capacitor Current

IcRMs = lL2RMsp = 0-691 A

Coupling Capacitor Voltage

DTy
1 &2
VCRMSa = N {[viich + (Vem - Vion yeos (o) + IL2m~/;»sin (02t)| dt=49.476V
0
(1-D)Tg 5
1 L1
VCRMSD = o {[Vo;ch + (Yem = Vo' o yeos(1t) - |L1M-\/;~sin(m1.t)} dt=4321V
0

v
CRMS
VeiRms =, — = 32846V

VC1.rms =>

2 2
|VCRMS 3:\/ VcRMsa * VCRMsp = 65:692V

Output Capacitorr Co
1%

Maximum Output voltage ripple

IoD
= ————————— = 12.45pF Output capacitor
fs-Vo% ‘Vo_min
fs-Lag'Voo
ESR = ;LM’ ~0070 Minimum ESR
0 '(l - I:)min)
2 2 ;
IcoRMS = J IpDRMs —lo =3.955A | RMS current value in the output capacitor
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SOME REPRODUCED WAVEFORMS

Sampled period

Step time

Time

Xt i= g —— —| Angular frequency w2
step rad

s

t 1
i=@q:| —— — D-tain |-—— Angular frequency w1
vt 1 (step smj rad

s

Voltage across coupling capacitance

L
VC‘:= Vi_ch + (VCm - Vi_ch)°°3 (x!)+ ILZm-‘/;-sin (x‘) if (0 <t< D-tsim-step)

L
Vo‘_ch + (VCM - Vo'_ch)cos (y‘)f 11 M«‘/;-sin (y,) otherwise

20

- 20

0 666667 1333100 2100 266K10°  333%10°
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Current in the coupling capacitor

C
‘/sz-(vi_ch - VCm)sin(x‘)+ IL2m'°°S(X‘) if (O <t< D-tsim-step) Son

(Vo. ch— VCM)sin (y') — I qpm-cos (y1).‘ otherwise Soft
1
-1
3 3 3 3
0 666.667 1.33310 2x10 2.66710 3.33310
Voltage across the switch
Vs, = [0 i (0 <t<D-tgj step) Son
5]
Vi_ch - (VCM - Vo'_ch)°°S (yt)— Lime % -sin(y() otherwise S off
801
60
40
20
-0 3 3 3 3
0 666.667 1.333«10 2x10 2.66710 3.33310

Author: Glauber de Freitas Lima
March, 2019
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UNIVERSIDADE FEDERAL
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Master's student: Glauber de Freitas Lima
Advisor: Prof. Dr.Ivo Barbi

Magnetic Elements

ions* (change it iteratively whenever convinently) |

[Calculated values | Fixed

DESIGN

Initial and fixed parameters

Ambient temperature

Cupper resistivity @ 100 °C

Effecitve cupper area factor for L2 (Transformer)

Effective cupper area factor for L1 (Inductor)

1
Ku2 = 'LZRMSp =0.555 Secondary use factor (Transformer)
l+n——m—mn
IL2RMSs
A
JmaxL2 =465 —2 Current density for L2
cm
maxL1 =470 Lz Current density for L1
cm
AB maxL2:=0.1 Maximum peak flux density for L2
AB maxL1 = 0.05 Maximum peak flux density for L1

Magnetic permeability in the air

Product area AeAw

Y +Vp }(1 - D)l
AeAw| 5 = ( o_ch D) L2RMSs E 0.449‘cm4 Product area AeAw for L2
Kwi2Ku2'ImaxL.2 fs"AB maxL.2
Vi ch PlLirMs 4
AeAw| q = ————————— =0.223-cm Product area AeAw for L1
KwiL1Jmaxt1fs 4B maxL1




Bobbin and core specification

|Weight :=21g

NEE-30/15/14 Core volume

NEE-30/15/14 Cross sectional area

NEE-30/15/14 Bobin window area

NEE-30/15/14 Product area

NEE-30/15/14 Mean length turn

NEE-30/15/14 weight

Number of turns

Ag'AB maxi2'fs

(vo_Ch = vD)(l - D) B

AB max.L2New =

Ae'Nios s

(VLLch + vD)(l -D)

=0.105T

L1

Number of secondary turns:
Rounding down increase magnetic loss, but
decrease cupper loss.

Number of primary tumns.

New flux swing density

Number of turns of L1

B e gaosz
B maxL1.New = AN New flux swing density
e L1's
Air gap Adding air gap introduces reluctance much larger
than core's reluctance, making L less sensible to
L2 magnetic permeabiality variations.
2
Ho-Ag N og
Bgap = e =0.534-mm| L2 total airgap.
2
n
Gap divided in "4" legs: E core
L1
Ho-AGN, 12
AeNL1 L1 total airgap.
égapL1 = T =0.307-mmy
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gapL1

| =0.077-m

'gapL1=

Gap divided in "4" legs: E core

Cross sectional wire

257!
h =275 0027
1
=
S Hz
SA :=0.000509cm]
|
_L2RMSP ) 00149-cm?
JmaxL2
|
| 2RM
L2RMSS _ 01114 -0m]
JmaxL2
IL1RMS 3
i=——— =0.00152-cm
‘JmaxL1

Diameter in cm to avoid skin effect. AWG 30 = 0.025 cm < 0.027

AWG 30 cupper area

L2: Needed primary cable area to follow JmaxL2
criteria = AWG 25

L2: Needed secondary cable area to follow JmaxL2
criteria = AWG 16

L1: Needed cable area to follow JmaxL1 criteria = AWG 25

Number of conductors in parallel

Sp
Ncon_L2p = ceil 5 =3

Ss
N, =ceill — | =22
con_L2s SA
SL1
3
SA

L2: Number of conductors in parallel for the primary

L2: Number of conductors in parallel for the secondary

L1: Number of conductors in parallel

Fullfilment performance

S gy = 0.000704cm’]

(Scu'NconiLZp)NLZp il (SCU'NCOFLLZS)NLZS
KyL2 = A =0.58
w w2
(Scu'Ncon7L1)NL1
kyLq=—— = 0302
Aw K1

AWG 30 smalted area

L2: Fullfiment
Desirable to be 0.3<ku<T. If s larger than 1, then
one must ajust Bmax, Jmax or choose another core
in an iterative process.

L1: Fullfiment
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POWER LOSS AND TEMPERATURE RISE

a) Cupper loss

|Iturn7L2p =N pp-lyym = 2814m | L2: Total primary winding length
|'turn_L25 = NL2g ltyrn = 0469 m | L2: Total primary winding length
|'turn7L1 =NL1-lyyen = 5695 m | L1: Total winding length
Pcu '|turn7L2p
Riop=g o, = 0424 L2: DC primary resistance
Ncon_LZp'SA
peu! _
R| o5 = w =9.633x 10 30 L2: DC secondary resistance
NconfLZs'SA
<Pl Lt 93107 2]
Ngon_L1-SA L1: DC resistance
Pout2=( Rioph 2. Rl 2) = 0461w
cuL2 =\ RL2plormsp + Rios llormss ) = V- L2:DC Cupperloss
2
Peult =\ RL1ILIRMS ) = 0:439W L1: DC Cupper loss
b) Core loss
K =4 x 10~ ] Histeresys loss coeficient
Parasit current coeficient
W Magnetic loss for AB max.NewL 2 OBS: Enter the curve in the catalogue
P AB.max.NewL2 =30-10 g using 05X AB oy Newl2 « therefore 0.0525 T
—3W
P AB.max.NewL1 =210 E Magnetic loss for AB 15y Newl 1
(AB ma)(.LZNew)Z4 fs fs g VCore L2: Calculated Magnetic Loss* (Over estimated?)
Peorel2=——— 54— |Knp * K 1 | [—5 W =1756W
T2' L - cm
— e L2: Magnetic loss using ferrite core datasheett
PCoreCatL2:= PAB.max.NewL2 ‘Weight = 0.63W |
4 2
(AB maxL1 ,New)z fs fs Vcore
PCoreL1= Ty Kh',_T + K¢ el N e ‘W =0.280W L1: Calculated Magnetic Loss* (Over estimated?)
T2‘ 5 - - cm

PcorecatL1= PAB.max.NewL1 -Weight = 0.105W | L1: Magnetic loss using ferrite core datasheett
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c) Estimated efficiency

PMag = PCorecatL2* PcorecatLt * Peul1 + PeyL2 = 1:635W

Estimated Power Loss in the magnetic elements

Estimated efficiency in the magnetic elements. Notice the AC
Loss is not being considered, which decreases efficiency largely.

MMag = =0.992
9 P + Ppag
d) Temperature rise
-0.37
Rt o il K 226038
nucleo = #>° N AR
cm W i

|ATL2 & (PcuLZ i PCoreCatL2) Rtnucleo = 24.751K |

|ATL1 & (PcuL1 = F’CoreCatL1) Rtnucleo = 12:347K |

4
Thermal resistance for  Ag-Ayy, = 1.037-cm

L2: Temperature variation

L1: Temperature variation

Author: Glauber de Freitas Lima
March, 2019
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Appendix D — Passive Clamping Desing

e

Universidade Federal de Santa Catarina
Centro Tecnologico
Programa de Pos-Graduagdo em Engenharia Elétrica
Instituto de Eletronica de Poténcia

J

Fotovoltaicaufsc

UNIVERSIDADE FEDERAL
DE SANTA CATARINA

Master's student: Glauber de Freitas Lima
Advisor: Prof. Dr.Ivo Barbi

Passive Clamping Circuit

[Calculated values | Fixed specifications |  [Go to simulation]

DESIGN

Please, for accuracy, use practical values for inductances in Appendix B - Modified Flyback Project
recalculating maximum switch current and maximum voltage across coupling capacitance.

— 9
lepercent = 1.468 Leakage inductance percentage. Design it as low as possible!

= Leakage If high i L2 is designed, the converter is
|Lleak = lepercent‘LZ =17.437 '“H| inefficient. Try using u1 =u2 = 8 and Extrem Power Loss in the clamping circuit is expected
V Clamp = 1000-V] Clampped voltage. Protect the MOSFET. High levels improves efficiency, but keep in
mind that it also decreases hard switching efficiency.
|Pgiinf =0.5-Ligak-lsm =3.752W | Dissipated power in the clamping circuit considering Vg infinity
1 5 w Actual power dissipated. Notice, different from a conventional Flyback,
;s TV —v g_inf = 7.671 V.CM must also be accounted in the equation! Notice as well, that the
i_ch o'_ch CM closer to DVM, Pg tends to dissimated only Pg_inf. The modified
1- v Flyback has, therefore, better performance regarding passive clamping
Clamp circuit than its conventional one.
(VCIamp -V ch)2 Resistance
P—’ =67.528-kQ}
g
Voltage ripple across the capacitor
Py
Cg:= — = 511.767 -pH Capacitance of the clamping circuit
fs'VCIamp Ay

Estimated efficiency

Author: Glauber de Freitas Lima
March, 2019 1
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Appendix E — Switching Element Loss
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Universidade Federal de Santa Catarina
Centro Tecnoldgico
Programa de Pés-Graduagdo em Engenharia Elétrica
Instituto de Eletronica de Poténcia

UNIVERSIDADE FEDERAL
DE SANTA CATARINA

fotovoltaicaufsc

Master's student: Glauber de Freitas Lima
Advisor Professor: Prof. Dr.Ivo Barbi

Power Loss in the Switchg Elements

[Calculated values | Fixed specifications |  [Go to simulation]

MOSFET POWER LOSS

Used MOSFET - CREE C2M0280120D

Idrain = 6A@ Tc = 100 --- Vgs = 20V --- RDS(on) = 0.280 --- VDS = 1200V
tr=7.6ns - tf = 9.9ns

[Roson =028.14-0=03%20] @Tj=100

Rise time

Fall time
Gate-to-source + Drain-to-source charge
Gate-to-source voltage (absolute value)

Output Capacitance

1) Conducting loss

|Pcon = RDSon"SRM52 =0391W | Conducting Lossise time

2) Switching Loss

& ‘ Switching loss: Considering the voltage and
Pow = — |t (Igm -V, + telgm V. =2.7TW current excursions. Again, close to DCM or DVM,
sw r'(SM"YClam f'Sm"YSM i :
2 l: ( p) ] the switching loss tend to decreases as ZCS or
2ZVS is naturally performed. Is there a value for u1
or u2 that will have an optimimum performance?

3) Coss Loss

1(Vsm*+Vsm

2
Conducting Lossise time
PCoss =5 (f] Cossfs = 1322W

4) Gate Driver power

PGate = AGtotal Vs fs = 0-153W I Power to size gate driver
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5) Total Mosfet loss

|PMosfetLoss =Pcon + Psw + PGate + PCoss = 4:635W | Total Power Loss in the MOSFET

6) Mosfet efficiency

P
MMosf == =0.977 Estimated Efficiency in the MOSFET

P+ PMosfetLoss

DIODE POWER LOSS

Used Sic Schottky INFINEON DIODE - IDH20G65C6
If = 20A@ Tc = 135 - Vrrm = 650V —- Vf(If=20A, Tj=25) = 1.25V

Ambient Tempearature

Datasheet parameter to find Forward voltage (VF) and RDiff

Datasheet parameter to find Forward voltage (VF) and RDiff

Datasheet parameter to find Forward voltage (VF) and RDiff

Z:=2.38-10" ]

1) Forward Voltage and differential resistance

|RDiff - (X-sz NZE Z)-Q 00270 | Calculated RDiff

Calculated Vth.Interestingly, Vth decreases with the increment
|VTh = (70.001 e 0.766)V —0.726V | of temperature, therefore, increasing temperature will improve
diode's efficiency.

|v =V1p, + Rpjff-lo = 0.815V | Calculated Vth

2) Diode Power Loss

|PD|_DSs =1oVE + IpRMS-Roiff = 3439 W | Diode Power Loss

3) Diode Efficiency

MDiode == R =0.983 Estimated Efficiency in the Diode

P+ Pploss

Author: Glauber de Freitas Lima
March, 2019




Appendix F — 1-Phase bridge rectifier
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Universidade Federal de Santa Catarina
Centro Tecnoldgico

UNIVERSIDADE FEDERAL

D San A CATAmIE Instituto de Eletronica de Poténcia

Master's student: Glauber de Freitas Lima
Advisor: Prof. Dr.Ivo Barbi

Single-Phase Bridge Rectfier

[Calculated values | Fixed specifications |  [Go to simulation|

Programa de Pés-Graduagdo em Engenharia Elétrica Fo‘rcwolfoi CDU[ sc

DESIGN

Used Single-Phase 15 A GBU1506
lo = 15 --- Vrms = 420V --- Vf(If=7.5) = 1V --- Rja = 25°C/W -- Rjl = 2.2°C/W -- Tj =150°C

Considered efficiency to design

Bridge Recfier rated power

Peak grid voltage

Forward diode voltge

Grid frequency
rad| N
=21 fy9=376.991.—] Angular Grid frequency
grid s
AV o INY, = 5% Allowed Voltage ripple %
g Vol ippl |
AV cIN::m'Vipk =15.556V oltage ripple absolut
|VcINMax =Vipk —2-VFprg = 309.127V | Maximum input voltage
[Veinmin = Veinmax — AV gin = 293571V | Minimum input voltage
~ VeiNMax * VeINMin Nominal input voltage
Vioadavg =5 =301.349V
vV, 2
LoadAv i
RoBrg — 9 _181.6220 Reflected Resistance
in
P

i =866.451-pF| Input Capacitance

2-fgria AV ¢IN'VcINMax
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CIN_Market = 3-330 u

[:CR = 0-CiN_markel

tRorg = 67785

Parameter := 3.4§

1 Parameter-V¢yMax

Avialable Capacitance (3 Capacitors in parallel)

Pag 32 Book Projeto de Fontes Chaveadas, Ivo Barbi: To find Parameter
to calculate RMS ICIN

Found parameter

'CINiRMS:: 3 = =1974A RMS in each electrolytic Capacitor
'oBrg
v 2
cINMax .
In_Rms = | Glom_RMs) + [W] ~6.163A | RMS Grid Current
rg
!

'Dbrig_RMS = IN*TRzMS =4358A RMS current value in each diode

V,
IDBrg Avg= LoadAvg l =0.83A RMS current value in each diode

9_Avg= TR 2
'oBrg
VcINMin
acos VeINMax _4 Conducting period
= =8451x 10 s
2m ’fgrid
Bridge Rectfier Loss and Temperature Rise
1) Power Loss
(1.1 -1)-v Forward resistance
I =——=0.013Q
“strg (15-7.5A
2 oo . .

|PDBrg = VFBrg"DBrngvg* 'DbrigiRMS “TwdBrg = 1.083 W Power dissipated in each diode

in
=0.991
'erg Pin + PTBrg
P;
ofe—— 0369
VinIN_RMS

2) Temperature Rise

Total Power dissipated in the Bridge Rectfier

Estimated Efficiency in the Bridge Rectifer

Power factor

|TJ-DBrg =PpBrg Rja * (Ta +273.16-A°C ): 67.08 q

Junction to Ambient Thermal Resistance
per leg

Junction temperature. No need for heatsink, therefore.
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Discharge Resistor

tDischarge = 3009 Discharge time for safety
Vipk =311.127V Conducting period
Minimum safe discharged

CINiMarkeﬁ 990-F| Minimum safe discharged

i
Disch:
RN = VIS& =1.658 x IOSQ Resistance to discharged
imin
'”[ ]'CINiMarket

ipk

Vi2 Dissipated power throug RIN
PRIN= 7~ = 0-527W
IN

Author: Glauber de Freitas Lima
March, 2019
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Appendix G — Heatsink, Temperature Rise and Efficiency
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Centro Tecnologico
Programa de Pés-Graduagdo em Engenharia Elétrica
Instituto de Eletronica de Poténcia
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UNIVERSIDADE FEDERAL
DE SANTA CATARINA

Master's student: Glauber de Freitas Lima
Advisor Professor:Prof. Dr.Ivo Barbi

Heat Sink and Overall Estimated Efficiency

[Calculated values | [Fixed specifications |

MOSFET Heatink and Temperature Rise

Temperature disspipation is analgous to an electric circuit as shown in ----> R
The initial step is to define a heatsink maximum temperature heatsink temperature T da T

Ambient temperature

Heatsink temperature

Temperature variation between ambient and heatsink.
It has to do with dissipation efficiency for 60°C

Correcting factor for temperature variation
according to datasheet -

Safe factor to apply.

1.9

Mosfet Power Loss dissipated in
PMosfetLoss = 4-035W heatsink

Ta-Ta

A°C
RdaiMosfet =F = 3.616-W Heatsink thermic resistance calculated. 86

G
FS PMosfetLoss

Thermic resistance of Heatsink from HS, Céc“go HS 8 6 2
HS-15559, considering 4"

Perimetro: 530 mm

A°C
Rda_Hs_real= CCRga_Hs =4- 176'W|

As the chosen heatsink thermic resistance (Rda_Hs_real) is < Calculated value (Rda), then it is meets requiremente. Otherwise,
chosse another Heatsink or Forced ventilation.

Temperature in the Heatsink

|THs =Tg+ Rdastfreal'PMosfetLoss =59.356-A4°C

Verify Junction and Case temperature

Thermic resistance JC Thermic resistance of mica

|T07MOSFET =Ths + Red_micaPMosfetLoss = 63:991-A°C Case Temperature MOSFET

|Tj7MOSFET =T MOSFET * Ric MOSFET PMosfetLoss = 73-262-A°C|  Junction Temperature MOSFET

0

Factor to correct to real size 5 cm Resisténcia Térmica: 2.92 °C/ W 7 4"
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Diode Heatink and Temperature Rise

Temperature disspipation is analgous to an electric circuit as shown in ----> R
The initial step is to define a heatsink maximum temperature heatsink temperature T o7/

Ambient temperature

Desired Heatsink temperature

AT 4 q=20-A°C Temperature variation between ambient and heatsink.

It has to do with dissipation efficiency for 60°C

FC = 1.257 Correcting factor for temperature variation
according to datasheet -

Safe factor to apply.

Mosfet Power Loss dissipated in
PbLoss =3439W heatsink

Ta-Ta 4874 A°C Heatsink thermic resistance calculated.
FSPDLoss w

Rda_Diode = FC

Thermic resistance of Heatsink from HS, Cc’)d|go : HS 8 6 2 O

HS-15559, considering 4"

Perimetro: 530 mm

cC Factor to correct to real size 5 cm Resisténcia Térmica: 2.92 °C/ W /7 4"

A°C
Rda_Hs_reaI =4.176- w

As the chosen heatsink thermic resistance (Rda_Hs_real) is < Calculated value (Rda) , then it is meets requiremente. Otherwise,
chosse another Heatsink or Forced ventilation.

43

+ Rda_Hs_reaI'PDLoss =54.359-A°C Temperature in the Heatsink

Verify Junction and Case temperature

Thermic resistance JC Thermic resistance of mica

Diode Case Temperature

|Tc_Diode =THs + Red_mica"PDLoss = 57-798-A°C

|'I'J Diode = Tc Diode * ch Diode PDLoss = 62.269-A°C| Diode JunctionTemperature

Total Efficiency

Estimated total efficiency will account all power loss so far.

|PCoupIingCLoss =21 'Q'|CRMSZ =0.955W | Estimated Coupling Capacitors power Loss

|PTotaILoss =PMag + Pg + PMosfetLoss * PDLoss * PTBrg ™ PRIN* PCouplingCLoss = 23-198 W Total Power Loss

MGlobal = P =0.896 Estimated Global Efficiency

PTotalLoss + P

Author: Glauber de Freitas Lima
March, 2019
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Appendix H — Gate Driver Desing

Universidade Federal de Santa Catarina
Centro Tecnologico

Programa de P6s-Graduago em Engenharia Elétrica . .

e Instituto de Eletrénica de Poténcia FDkWOHOICDUI SC
Master's student: Glauber de Freitas Lima
Advisor Professor: Prof. Dr.Ivo Barbi
[Calculated values | Fixed specifications

Fixed parameters

MOSFET - CREE C2M0280120D Single Channel Mosfet Gate Driver IC DRIVER -1EDIGON12AF
Idrain = 6A@ Tc = 100 - Vgs = 25V lout+Peak = 10 ATyp --- lout-Peak = 9.4 ATyp --> at Vcc =15V

VDS = 1200V --tr = 7.6s - tf= 9.9ns

rise time given in datasheet Output source resistance
fall time given in datasheet Output sink resistance
Qgtotal = 20-4:nq Gate charge

DH = 14+
L ]
Absolute VGS Maximum Quiescent input current

Q _ . v
o= Gtotal _ 816-pH Gate Capacitance Maximum Quiescent output curent

Vas

VGsp V| Positive voltage
Gsl

Negative voltage

Input signal voltage

Considered internal gate charge of the IC

Positve voltage

Inner gate resistance

Reverse Transfer Capacitance

Reverse Transfer Capacitance
V|

Threshold Voltage

\ - Qgtotal _2684A Gate driver must be able to supply
'GH.Capable = t - this current during turn-ON

| - Qatotal _2061A Gate driver must be able to supply
'GL.Capable = " - this current durring turn-OFF

fs = 300-KHZ switching frequency
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Gate Driver Design

High Gate resistance +. This resistance was set low due to the high inner gate resistance

Low Gate resistance - This resistance was set low due to the high inner gate resistance

RGH + RpH + Rain

T ‘Qgotg) = 10.526-nq  rise time calculated
Gs

triseCalculated =

RgL + RpL + Rgin
Ves

fall time calculated

tfallCalculated = -Qgtotal = 10.771 -n{

RTOQa”_OW = RGL +Rp + RGm 1320 Total equivalent resistance LOW

Maximum total gate resistance to avoid self-turn on. Notice it is less than
B .7 Vin 125550 RTotalLow, but in practice t.rise is larger and self-turn on might not occur.
‘GtotalMax -~ Vam T Regardless, there is not much that can ben done here, since the gate
s——————— resistance combined with other ESR is already too large. The self-turn on
tiseCalculated is extremely harmful in half-bridge and H-bridge structures or, in the case of
a DC-DC converter, synchronous rectification!

QGtotal High Peak current calculated
IGH.peak =7 = 1.938A
triseCalculated
Qgtotal Low Peak current calculated
IGL.peak =7 = 1.894A
YfallCalculated

B - a V=153 Total Power Gate Driver delivered: half to charge Mosfet
GatePout = 's ~Gtotal ' Gs = -mV\/| Capacitance and half power dissipated.

Power dissipated through High Gate resistor

1
= = —f..Q .V, =0.593-m!
D_RGH s “~Gtotal ' Gs '
- 2 RpH + RGH + RGln]

Power dissipated through Low Gate resistor

1
(=] =—f.-Q .V, =0.58-m!
D_RGL s “~Gtotal " Gs |
- 2 RpL+ RGL + RGln]

1
PD_RDH =7 s Actotal Vs [

_8302.m Power dissipated through High Driver resistor
RpH + RGH *+ Rain
1 . . .
PD EELE E 'fs'QGtotaI'VGs R - - —9.852.m Power dissipated through Low Driver resistor
- DL * "GL * Rain
Power dissipated through inner gate
Rain Rain resistance. Notice, due to the high

resistance, most power is disspated

N
RpH + + Rg; Rp| + RgL + Rg;j
oH* Ror*Rein_ RouL+ Rel * Rein in the MOSFET! Be aware!

]: 133.673-m

1
PG_RGin =7 s Atotal VGs [

|PICDriver:: Veer la1 + Vesla2 + s Qint'Vas + PDiRDH + PDﬁRDL: 80.655~mw] ICDriver must handle this power

Total Power Gate Driver: Specify the DC-DC

[Pcatepin =PicDriver* Pe_Rain* Po_RGL* Pp_RaH=2155-mW| i
voltage supply for this Power/Ef of the dc-dc

|AT 1c=Rya-PGatePin = 35.557K Rise temperature variation. In an ambient temperature of 40°C => T = 75°C, Tj maximum
is 150°C. Beware of maximum power in the IC Gate Driver, as maximum frequency can
be limited by Maximum Power dissipation, which is at 400 mW




185

Isolated DC-DC Voltage Supply MURATA DC DC CONVERTER MGJ2D152005SC
V4 =20V - Ve =-5V - P = 2W - Ef = 81%

D
la2' ¢~ * QGtotal canaci o |
S
0,963 4F apacitance to maintain constant voltage

CBypass = 1% vg,

Author: Glauber de Freitas Lima
March, 2019
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Appendix | — Primary Schematic and Layout

[ Sheet_of

2
2 <
] g
£ £
@A .,L
g | [§[3
5 |22
£ 2[5
£ ER
2 |3 3|E
= i L&

%u

‘
t
=

Z=cl F=c2 F7<c3 sR1

2 1 Hcomando
_}—“\wm\u
3
T
+ GND_Potencia
ﬁ\\ GND_P¢
¥




188

(8]
<<
=
o
N
N

110, 00

Primary
stage




189

Appendix J — Secondary Schematic and Layout
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Appendix K — Gate driver Schematic and Layout
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[ Dorawn Hy: Glauber Lima

o

Ultima meodificagdo - 10/102018

river. S

Number
18032019
ClTsers\. WrateDy

Driver para o Flyback 300 kHz

E
>
£
g
S
4
&
Z
=

Siee
A

Dt

File

Title

1EDIGON12AF

ALIMFNTAGAO DO DRIVER DE 15V E 5V

PINOS DOS SINAIS DE ENTRAL
I
%
o

MGIZD 2015V 2W

MGI2IR00-5 2W




192

1

A
T




193

Appendix‘L — Clamping cir‘cuit Schematic a‘nd Layout

Clamping Schematic
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Appendix M — Bill of material
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