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RESUMEN (en espafiol)

Actualmente, el costo de los diferentes circuitos de control digital ha disminuido
significativamente, mientras que la complejidad y las caracteristicas han aumentado. En
el caso de convertidores de potencia (DC-DC), esto permite implementar diferentes
estrategias de control, aprovechando las capacidades de calculo (analisis de armonicos,
etc).

Los convertidores resonantes se caracterizan por no tener un comportamiento
lineal; los modelos estaticos suelen ser complejos, y la mayoria de las veces el proceso
de disefio involucra ecuaciones complejas que tienen que ser representadas
graficamente. Existen diferentes métodos de analisis que intentan simplificar de alguna
manera el proceso, como First Harmonic Approach para modelos estaticos y Extended
Describing Function para obtener el modelo de pequeiia sefial, por ejemplo.

El presente trabajo trata sobre el modelado de convertidores resonantes, con el
fin de implementar el modelo estatico en circuitos de control digital, tales como
Controladores de Sefial Digital (DSC) o Arrays de Puertas Programables en Campo
(FPGAs). Hay muchos articulos en las revistas mas importantes (IEEE Transactions on
Power Electronics, IEEE Transactions on Industrial Electronics) que revelan la
importancia de esta tendencia. Durante los ultimos afios se han presentado varios
esquemas de control basados en FPGA o DSC.

En los primeros capitulos se presentan los objetivos de la tesis y una breve
revision de los convertidores resonantes. Luego, se seleccionan dos topologias para el
proceso de modelado, con el fin de validar el método propuesto: el Convertidor
Resonante Serial y el Convertidor Resonante Paralelo. Estas dos topologias se utilizan
en diferentes usos: el SRC es la topologia tipica utilizada en la transferencia de energia
inalambrica (WPT), generalmente de bajo voltaje y alta potencia, y el convertidor
resonante paralelo, disefiado para aplicaciones de alto voltaje/potencia de salida. Las
topologias seleccionadas estan siendo estudiadas y se les aplica el método propuesto,
modelado con polinomio. Para ello se siguieron los siguientes pasos, para ambas
topologias:

K/

«» Modelo estdtico para la topologia, usando analisis en el dominio del tiempo.




“ Modelo polinomial obtenido del modelo anterior.
< Validacidn del modelo propuesto.

¢ Implementar el modelo en el DSC.

¢ Validacion por simulacion.

¢ Validacion por resultados experimentales.

 Implementar el modelo en la FPGA. El modelo se ha implementado
directamente en hardware; significa que no se ha utilizado el procesador
nativo.

< Validacidén por simulacién.
< Validacién por resultados experimentales.

*+ Control de ldgica difusa para el PRC, basado en polinomio. Resultados de la
simulacién.

Para la obtencion de los diferentes modelos asi como su implementacion en el DSC se
utilizaron herramientas de MATLAB; de esta manera, se define un proceso
simplificado. El trabajo desarrollado demuestra que el método propuesto es una
solucion adecuada para obtener modelos de convertidores resonantes para ser
implementados en circuitos digitales. En cuanto al codigo FPGA, se implement6 en
VHDL, para el SRC, evitando el uso de procesador nativo (En el caso de Altera/Intel, el
Procesador Nios): de esta forma se obtiene el codigo mas oOptimo, en términos de
velocidad. Los polinomios se implementaron en hardware, evitando el uso de cualquier
procesador. El documento incluye diferentes resultados experimentales: se probé un
PRC con alto voltaje de salida (alrededor de 5kV) y también se construyé un SRC. Los
resultados experimentales obtenidos demuestran la validez de los modelos.

La tesis propone diferentes lineas de investigacion, en base a los resultados obtenidos,
que incluyen el desarrollo de algoritmos de control, evaluar el control de 16gica difusa
(basado en polinomio) en otras topologias, evaluar el método propuesto en diferentes
topologias (convertidores multi-resonantes, PWM, etc.), por ejemplo.

RESUMEN (en Inglés)

Nowadays, the cost of different digital control circuits has decreased significantly, while
the complexity and features has increased. In case of power converters (DC-DC), this
allows to implement different control strategies, taking advantage of the calculation
capabilities (harmonic analysis, etc).

The resonant converters are characterised by no linear behaviour; the static
models usually are complex, and most of the times the design process involves complex
equations that have to be represented graphically. There are different analysis methods
that try to simplify somehow the process, such as First Harmonic Approach for static
models and Extended Describing Function to obtain the small-signal model, for
instance.

The present work deals with modelling resonant converters, in order to
implement the static model in digital control circuits, such as Digital Signal Controllers
(DSC) or Field Programmable Gate Arrays (FPGAs). There are many papers in the




most important journals (IEEE Transactions on Power Electronics, IEEE Transactions
on Industrial Electronics) that reveal the importance of this trend. Several control
schemes based on either FPGAs or DSCs have been presented during last years.

In the first chapters, the thesis goals and a brief review of resonant converters are
presented. Then, two topologies are selected for the modelling process, in order to
validate the proposed method: the Serial Resonant Converter and the Parallel Resonant
Converter. These two topologies are used in different uses: The SRC is the typical
topology used in Wireless Power Transfer (WPT), typically low voltage and high
power, and the Parallel Resonant Converter, intended for high output voltage/power
applications. The selected topologies are being studied and the proposed method,
modelling with polynomial, is applied to them. In order to do it, the following steps
were followed, for both topologies:

+¢ Static model for the topology, using time domain analysis.

% Polynomial model obtained from the previous model.
++ Validation of the proposed model.

¢ Implement the model in the DSC.

+* Validation by simulation.

*+ Validation by experimental results.

¢ Implement the model in the FPGA. The model has been implemented
directly in hardware; it means that the native processor has not been used.

«+ Validation by simulation.
+¢ Validation by experimental results.
¢ Fuzzy logic control for the PRC, based on polynomial. Simulation results.

In order to obtain the different models as well as their implementation in the DSC,
MATLAB tools were used; in this way, a simplified process is defined. The developed
work demonstrates that the proposed method is suitable solution to obtain resonant
converters models to be implemented in digitals circuits. Regarding the FPGA code, it
was implemented in VHDL, for the SRC , avoiding the use of native processor (In case
of Altera/Intel, the Nios Processor): in this way, the most optimum code is obtained, in
terms of speed. The polynomials were implemented in hardware, avoiding the use of
any processor. The document includes different experimental results: A PRC with high
output voltage (around 5kV), has been tested and a SRC was also built. The
experimental results obtained demonstrate the models’ validity.

The thesis proposes different research lines, based on the obtained results, which
include the development of control algorithms, evaluate the fuzzy logic control (based
on polynomial) in another topologies, evaluate the proposed method in different
topologies (multi-resonant converters, PWM, etc), for instance.

SR. PRESIDENTE DE LA COMISI’()N ACADEMICA DEL PROGRAMA DE DOCTORADO
EN ENERGIAY CONTROL DE PROCESOS
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1.1 The Outline of the Research

This Ph.D. thesis is framed within the scope of electrical engineering, specifically in
the disciplines of industrial electronics, power electronics, and control systems. The
recent developments in power converters, energy conversion, with advances in control

strategies and systems are leading a technological revolution to enhance the growth
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of High Voltage DC application. This concept is based on the use of various control
strategies and topologies applied to various Power electronics energy converters to
generate high voltage. The envisaged high voltage is at the level of tens of kilo-volts.
Therefore, the energy density, system efficiency, reliable and simple control topology
are the major focuses of this work.

A couple of converters to provide DC output voltage were developed for various ap-
plications, and very different: High Voltage (HV) and Wireless Power Transformer
(WPT). As far as HV converters are concerned, with the drastic increase in high
voltage DC applications, the resonant converters’ use has known a radical growth.
There are various suitable topologies of the resonant converters, depending on the
application, the level of output voltage required and the envisaged control strategies.
This work considers Parallel Resonant Converter (PRC) and Series Resonant Con-
verters (SRC) topologies for HV and WPT applications respectively. It limits itself
to the control part of those, to ensure minimum losses, reliability, and energy den-
sity, enable different control strategies, and a larger span of application. Bearing in
mind the different digital controllers, it is interesting to consider digital control. In
this work, a methodology to implement the converter control, based on a simplified
model in digital controllers is proposed. The PRC and SRC will be modeled and
analyzed in this work. The steady-state model shall be shown, its advantages are
outlined and its complexities in terms of building the control strategies are detailed.
For ease of control and the implementation on complex digital circuits, the polyno-
mial model is introduced and implemented in this work. Therefore, the PRC & SRC,
their respective steady-state model, their simplified model, and their control built in
Matlab-Simulink are outlined in this work. They are validated through simulation
and practical implementation. Different programmable circuits. i.e. DSCs and FP-
GAs are used for control purposes. On the other hand, the closed-loop control using
Fuzzy logic is proposed and tackled in this work. More closed loop proposals and
deep analysis and the use of gate array circuits shall be considered in future work.
In order to achieve this crucial goal, the objectives set were established in the next sec-

tion. Then, the methodology for the accomplishment of the set objectives is discussed
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and in the end, the structure of the complete thesis is indicated.

1.2 The Objectives of the Research

In order to fulfill the main targets of this work, a number of objectives have to be
picked out. Those objectives will be tracked along the chapters and their respective
accomplishments will be evaluated at the end of this work. The following are the

objectives:

e Outline of High Voltage DC based equipment in various use i.e. Medical and

Industrial.
o The review on the use of resonant converters in the High voltage applications.
o Identification and definition of the topologies of study.
» Steady-state modeling and outline of the operating and control points.
» Polynomial modeling of the topology, and open-loop control study.
o Implementation of the models in the programmable circuits.
» Proposing the closed loop control option for the great performance of the model.

« Establishment of the design methodology for validation and implementation of

the proposed solution.

« Validation of the proposed solutions through the simulations and experimental

test in laboratory prototypes.

o Critical analysis of the results, conclusions and establishment of future devel-

opment and improvements.
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1.3 The Methodology of the Research

The established methodology starts with the revision of cutting-edge solutions for
the implementation of resonant converter control in programmable circuits. The ma-
jor emphasis goes to high voltage DC applications aspects, the energy conversion
topologies involved, the potential challenges, and the applied technologies in terms of
control, control methods, and strategies. The comparison of the technologies, topolo-
gies, and control strategies is performed in order to outline the bases of the research
to carry out. The bases performance are evaluated in all operating modes, conditions,
and control strategies. The drawbacks and limitations of those bases will be analyzed
and highlighted and alternatives shall be proposed as mitigation measures. The per-
formance of critical comparison of the proposed solutions against the bases shall be
illustrated by this methodology. Therefore, the design procedure, set conditions, and
constraints, for both the bases and proposed solutions will be carried out. The design
methods will be given value through the evaluation of the system performance by
simulations and experimental results from a laboratory prototype. In the end, the
analysis of the results will be done and the conclusions driven from the research will

be drawn.

1.4 The Structure of the Thesis

In order to accomplish the outlined objectives of this work, the following lines show

the structure of this thesis.

Chapter 2 Introduces High Voltage DC based equipment, the application and the
targeted technology. It identifies the high voltage topology of study and its compar-
ison with the rest of the topologies in the same scope. The challenge and gaps of
the chosen technology of application and the respective topologies are outlined. The
resonant converters are set as the suitable alternative to the identified drawbacks,

and their control becomes a humping point. Therefore the hypothesis of the thesis is
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established.

Chapter 3 Introduces the resonant converters, with strong emphasis on the Series
Resonant Converter(SRC) and Parallel Resonant Converters (PRC). The steady-state
model for both topologies is detailed in this chapter, the related control strategies are
outlined. However, due to the complexities of both topologies; the graphical repre-
sentations are used for better understanding and build the control design. Various
operating mode were indicated in this chapter, and normalized values are used to
avoid limitations on the operating span.

Chapter 4 The polynomial model for both SRC and PRC converter is shown. This
comes in as a solution for better illustration of the converter control; mostly when
the complex micro-controllers are used. The conversion of graphical data into poly-
nomials using the numerical analysis like Data Fitting and B-spline are illustrated in
this chapter. The polynomial model general equations for both converter topologies
are illustrated in this chapter.

Chapter 5 and Chapter 6 show modeling and simulations of SRC and PRC re-
spectively in Simulink. The models for both topologies were built in Simulink and
simulated for validation purposes. The Simulink models were done for each of the
topologies and the DSC (F28335) and FPGA (Arrow Deca Max 10) are configured to
Simulink in these chapters. The model-based programming option for both DSC an
FPGA in Simulink was introduced. In Chapter 6 specifically the PRC closed loop

control was introduced using Fuzzy logic controller.

Chapter 7 shows the experimental prototyping, the practical validation of the models
built in previous chapters. The components of the prototypes are shown in this
chapter. The analysis of the results and comparisons with those of simulations are

illustrated in this chapter.

Chapter 8 Shows the conclusions drawn from the results analysis in the Chapter
7, the open points in the projects that are suggested for future development and
the publications. In those, this chapter indicates the published work related to this

thesis, those which are not related to this thesis and those which are in publication
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processes.
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1.1 Esquema de la investigacion

Este doctorado La tesis se enmarca en el ambito de la ingenieria eléctrica, concreta-
mente en las disciplinas de electronica industrial, electrénica de potencia y sistemas
de control. Los desarrollos recientes en convertidores de potencia, conversion de en-

ergia, con avances en estrategias y sistemas de control estan liderando una revolucién
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tecnoldgica para mejorar el crecimiento de la aplicacion de CC de alto voltaje. Este
concepto se basa en el uso de varias estrategias de control y topologias aplicadas a
varios convertidores de energia de electronica de potencia para generar alta tension.
El alto voltaje previsto esta en el nivel de decenas de kilovoltios. Por lo tanto, la
densidad de energia, la eficiencia del sistema y la topologia de control confiable y
simple son los principales enfoques de este trabajo.

Se desarrollaron un par de convertidores para proporcionar tensién de salida de CC
para diversas aplicaciones, y muy diferentes: Alta tensién (HV) y Transformador
de potencia inaldmbrico (WPT). En lo que respecta a los convertidores HV, con el
drastico aumento de las aplicaciones de CC de alta tension, el uso de convertidores
resonantes ha experimentado un crecimiento radical. Hay varias topologias adecuadas
de los convertidores resonantes, dependiendo de la aplicaciéon, el nivel de voltaje de
salida requerido y las estrategias de control previstas. Este trabajo considera las
topologias de Convertidores Resonantes Paralelos (PRC) y Convertidores Resonantes
en Serie (SRC) para aplicaciones de AT y TIP respectivamente. Se limita a la parte
de control de estos, para garantizar pérdidas minimas, confiabilidad y densidad de en-
ergia, permitir diferentes estrategias de control y una mayor amplitud de aplicacion.
Teniendo en cuenta los diferentes controladores digitales, es interesante considerar el
control digital. En este trabajo se propone una metodologia para implementar el con-
trol del convertidor, basada en un modelo simplificado en controladores digitales. El
PRC y el SRC seran modelados y analizados en este trabajo. Se mostrara el modelo
de estado estacionario, se esbozaran sus ventajas y se detallaran sus complejidades
en cuanto a la construccion de las estrategias de control. Para facilitar el control
y la implementacion en circuitos digitales complejos, en este trabajo se presenta e
implementa el modelo polinomial. Por lo tanto, en este trabajo se describen los PRC
& SRC, su respectivo modelo de estado estacionario, su modelo simplificado y su con-
trol integrado en Matlab-Simulink. Se validan mediante simulaciéon e implementacién
practica. Diferentes circuitos programables. es decir, los DSC y los FPGA se utilizan
con fines de control. Por otra parte, en este trabajo se propone y aborda el con-

trol en lazo cerrado mediante l6gica difusa. En trabajos futuros se consideraran mas
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propuestas de bucle cerrado y un analisis profundo y el uso de circuitos de matriz de
puertas.

Para lograr este objetivo crucial, los objetivos planteados se establecieron en la sigu-
iente seccion. Luego se discute la metodologia para el cumplimiento de los objetivos

planteados y al final se indica la estructura de la tesis completa.

1.2 Los objetivos de la investigacion

Para cumplir con los objetivos principales de este trabajo, es necesario senalar una
serie de objetivos. Dichos objetivos seran rastreados a lo largo de los capitulos y
sus respectivos logros seran evaluados al final de este trabajo. Los siguientes son los

objetivos:

o Resumen de equipos basados en CC de alta tension en diversos usos, es decir,

médicos y industriales.

o La revision sobre el uso de convertidores resonantes en las aplicaciones de alto

voltaje.
o Identificacion y definicién de las topologias de estudio.
o Modelado de estado estacionario y esquema de los puntos de operacion y control.

e Modelado polinomial de la topologia de estudio y estudio de control de bucle

abierto.
o Implementacién de los modelos en los circuitos programables.

e Proponiendo la opciéon de control en lazo cerrado para el gran desempeno del

modelo.

» Establecimiento de la metodologia de diseno para la validacién e implementacion

de la solucion propuesta.

« Validacion de las soluciones propuestas a través de las simulaciones y pruebas

experimentales en prototipos de laboratorio.
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o Analisis critico de los resultados, conclusiones y establecimiento de futuros de-

sarrollos y mejoras.

1.3 La Metodologia de la Investigacion

La metodologia establecida parte de la revisién de soluciones punteras para la imple-
mentacion del control del convertidor resonante en circuitos programables. El mayor
énfasis se pone en los aspectos de las aplicaciones de CC de alto voltaje, las topologias
de conversion de energia involucradas, los desafios potenciales y las tecnologias apli-
cadas en términos de control, métodos de control y estrategias. Se realiza la com-
paracion de las tecnologias, topologias y estrategias de control con el fin de trazar las
bases de la investigacion a realizar. El desempenio de las bases se evalia en todos los
modos de operacion, condiciones y estrategias de control. Se analizaran y destacaran
los inconvenientes y limitaciones de dichas bases y se propondran alternativas como
medidas de mitigacion. El desempeno de la comparacion critica de las soluciones
propuestas contra las bases sera ilustrado por esta metodologia. Por tanto, se llevara
a cabo el procedimiento de diseno, condiciones establecidas y restricciones, tanto de
las bases como de las soluciones propuestas. Los métodos de diseno se valorizaran
mediante la evaluacion del rendimiento del sistema mediante simulaciones y resulta-
dos experimentales a partir de un prototipo de laboratorio. Al final, se realizara el

analisis de los resultados y se extraeran las conclusiones derivadas de la investigacion.

1.4 La estructura de la tesis

Para cumplir con los objetivos planteados en este trabajo, a continuacién se muestra
la estructura de esta tesis.

Capitulo 2 presenta la Alta Tensiéon CC, la aplicacion y la tecnologia objetivo, la
identificacién de la topologia y su comparacién con el resto de topologias del mismo
ambito. Se describen el desafio y las lagunas de la tecnologia de aplicacién elegida

y las topologias respectivas. Los convertidores resonantes se configuran como la al-
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ternativa adecuada a los inconvenientes identificados, y su control se convierte en un
escollo. Por lo tanto se establece la hipotesis de la tesis.

Capitulo 3 introduce los convertidores resonantes, con fuerte énfasis en los conver-
tidores resonantes en serie (SRC) y los convertidores resonantes en paralelo (PRC).
En este capitulo se detalla el modelo de estado estacionario para ambas topologias y
se describen las estrategias de control relacionadas. Sin embargo, debido a las comple-
jidades de ambas topologias; las representaciones graficas se utilizan para una mejor
comprension y construccion del disenio de control. En este capitulo se indicaron varios
modos de funcionamiento y se utilizan valores normalizados para evitar limitaciones
en el intervalo de funcionamiento.

Capitulo 4 Se muestra el modelo polinomial para el convertidor SRC y PRC. Esto
viene como una solucién para ilustrar mejor el control del convertidor; principalmente
cuando se usan microcontroladores pequenos. En este capitulo se ilustra la conversién
de datos graficos en polinomios mediante el analisis numérico como Ajuste de datos
y B-spline. Las ecuaciones generales del modelo polinomial para ambas topologias de
convertidores se ilustran en este capitulo.

Capitulo 5 y Capitulo 6 muestran modelos y simulaciones de SRC y PRC re-
spectivamente en Simulink. Los modelos para ambas topologias se construyeron en
Simulink y se simularon con fines de validacién. Los modelos de Simulink se realizaron
para cada una de las topologias y el DSC (F28335) y FPGA (Arrow Deca Max 10)
se configuran para Simulink en estos capitulos. En Capitulo 6 especificamente, se
introdujo el control de bucle cerrado PRC utilizando el controlador de légica difusa.
Capitulo 7 muestra la creacion de prototipos experimentales, la validacion practica
de los modelos construidos en capitulos anteriores. Los componentes de los prototipos
se muestran en este capitulo. El analisis de los resultados y las comparaciones con

los de las simulaciones se ilustran en este capitulo.

Capitulo 8 Muestra las conclusiones extraidas del andlisis de resultados en el Capi-
tulo 7, los puntos abiertos en los proyectos que se sugieren para desarrollo futuro y las
publicaciones. En aquellos, este capitulo indica los trabajos publicados relacionados

con esta tesis, los que no estan relacionados con esta tesis y los que estan en proceso
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de publicacion.
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2.1 Introduction

Nowadays, in modern technologies, High Voltage DC dominates a couple of applica-
tion environments. The voltage in the level of Kilo-volts is crucial in various applica-
tion: Medical, industrial, environmental, instrumentation and measurement, etc[32].
In medical practices, X-ray is the right instance of high voltage DC use. Medical x-ray
imaging systems are know in series of Mammography, Computed Tomography (CT),
Projectional Radiography, etc[l(]. The electronic beam welding (EBW) machines,
Traveling Wave Tubes (TWT) and Electrostatic Precipitator(EP) make an example
of industrial application are powered by high-voltage DC too[(5]. This chapter out-
lines different high voltage DC applications and various switch mode power supply
systems illustrating those that are suitable for the mentioned applications. The res-
onant converters as part of the switch mode power supply will be deeply illustrated
in this work. The state-of-art of this project will be shown in this chapter, and more

of the core objective and novelty will be illustrated.

2.2 High Voltage DC Applications

As indicated previously, high voltage DC is applied in various domain including med-
ical and industrial. It has been reliable for long distance power transmission|[94],
in smart welding systems[50] and medical imaging[3858]. The most commonly known
equipment are medical X-ray imaging systems(Mammography, Computed Tomogra-
phy, Projectional Radiography) and industrial (Electronic Beam welding machine,
Traveling-wave Tubes (TWT), and Electrostatic Precipitator). This section elabo-
rates more on the working principles of indicated equipment , with major focus on

the power supply and the technology applied.

2.2.1 High Voltage DC in Medical Applications

In specific use such as medical, a special application of high-voltage DC-DC converter

is capital to drive the concerned apparatus[!0]. Hence, the medical equipment must
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have a specific ability to tune its DC output voltage in order to track the required
quality of image[10]. Depending on the application, some equipment are required to
operate over a wide range of voltage; the regulation is done through controlling the
DC output voltage across the equipment[10]. In most of the cases, the required DC
output voltage is generated as low voltage and boosted to the level of use[29]. It
involves various type of converters. This part focuses on high voltage DC application
in medical equipment. It outlines medical X-ray sytems, with emphasis on: Mam-
mography, Computed Tomography (CT), Projectional Radiography. Their respective
principles of functionality shall be elaborated and the role of High voltage DC shall

be outlined.

2.2.1.1 Medical Imaging X-ray

The X-ray is a type of electromagnetic radiation (EM) of same category as microwaves,
infrared, visible and ultraviolet light[10]. It is periodic and cyclic radiation in charac-
teristics; having in it electrical and magnetic fields, with period and wave-length as
its in both time and space representation. The wavelength for diagnostic x-ray is ba-
sically from 10nm to 0.01lnm as illustrated in figure. 2-1, ranged between ultraviolet
light and cosmic rays. Hence, it can be mathematically represented in terms of veloc-
ity (C =2/T or C = Af) and energy (E = hf). With X standing for wavelength, and
h for Planck’s constant. The electromagnetic energy mentioned can be viewed in the

2 Hence, X-rays are results of kinetic

Einstein’s theory of relativity, where E = mc
energy conversion reached through electron’s accelerations under a given potential
difference[35]. The X-rays have been in medical use since soon after their discovery
by Roentgen in 1896[3%]. The use of X-ray in medical practices bases on the X-ray
differential attenuation once in contact with the human body. In case of contact with
the patient’s part of diagnosis, the uniform x-ray beam incident on tissues produces a

transmitted x-ray flux that is affected by the attenuation along its path. The shadow

of internal targeted anatomy is re-produced.
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Figure 2-1: Tllustration of x-ray radiation location in the electronic spectrum|[3¥]

2.2.1.2 X-ray Production

In X-ray production and control, the X-ray tube and X-generator are capital com-
ponent. The X-ray tube gives an adequate environment and components to generate
X-rays; while the x-ray generator is responsible for the source of electrical voltage and

interface controls to energize the x-ray tube. Inside the X-ray tube, two electrodes
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Figure 2-2: Tllustration of X-ray generation system components[35]

(cathode and anode) are positioned about 1 —2cm in a vacuum fold known as insert
in either glass or metal. The electrodes are connected to the separate power sources.
The filament connected to cathode get intensely heated due its electrical resistance

and release alot of free electrons. The generated free electrons build up, saturate the
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surface of the filament and prevent the release of more electrons. The presence of
high voltage (in range of 50—150kV) from the x-ray generator to the electrodes accel-
erates the free electrons from cathode along the filament to the anode. The electron
build up is hence evacuated. Depending on the filament temperature, the electron
release will be kept.The number of electrons flowing between the electrodes defines
the tube current in terms of milliamperes (mA). The level of tube current defines the
type of medical examination required and the quality targeted[38]. Each electron is
accelerated to a kinetic energy proportional to the supplied tube voltage. The last is
single range that depends on the examination type targeted. Hence the tube voltage,
current (power) and the duration of exposure are operator-set parameters[33]. The
intensely accelerated electrons, once in contact with x-ray tube anode (target), the
X-rays are produced. At the incidence, the kinetic energy of accelerated electrons is

converted into electromagnetic radiation, hence the X-rays.
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M ,' electron
Mucleus T
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Figure 2-3: X-ray production by energy conversion|[33]
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Projectional radiography

X-ray

Figure 2-5: Image acquisition on projectional X-ray[69]
signed to breast imaging. Its diagnostic sensitivity has greatly improved over the
decades[10]. Due to the fact that breasts are of soft tissues, mammography diagnos-
tic specifications differ from those of the normal x-ray diagnostics. For some specific
diagnosis like breast cancer, the equipment needs to have the optimization capability
to produce low energy x-rays. The last gives the greatest differential attenuation be-
tween the tissues. However, the exposure time has to be optimal to avoid high doses
accumulation in the tissues|[/1]. For the best X-ray energy and exposure control;

High-frequency generators are used.

2.2.1.5 Computed Tomography (CT)

The CT imaging is also known as computerized axial tomography (CAT). It is a result
of image reconstruction mathematics, that was developed to give cross-sectional of a
head diagnostics[63]. The CT scanners have rotating gentry on which x-ray source and
solid-state detectors are mounted. The CT images are captured in sequential slices,
that are later combined for complete analysis. The data are captured through multi-
row detectors spinning around the patient. With CT scanner, the non-destructive

accuracy on interior image reconstruction of an object is obtained as a number of
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Figure 2-6: Attenuation of breast tissues on energy[1/]

various X-ray projections. Various recorded images are iteratively reconstructed based

on chosen iterative reconstruction algorithm[105].

2.2.2 High Voltage DC in Industrial Applications

Not only in medical, but also, the High Voltage DC application dominates a wide
range of use in industrial practices. In those, the particular use of high-voltage DC-
DC converter is crucial to drive the concerned equipment[50, 33, 56]. Depending
on the specific application and the output quality envisaged, the same equipment are
required to operate over a wide range of voltage. Then, the ability of the equipment to
tune DC output voltage and management of the power transfer are key. The voltage
regulation is done through controlling the DC output voltage and power transfer
across the equipment[9]. The High Voltage DC application in industrial equipment
considers the instance of: Electron Beam Welding Machine, Electrostatic Precipitator

and Traveling-wave tube and outlines their respective principles of functionality and

50



Chapter 2 — The High Voltage DC Based Equipment

the role of High Voltage DC on those.

2.2.2.1 Electron Beam Welding Machine Fundamentals

Electron Beam welding (EBW) is welding technique based on a concept of emitted
electrons in the vacuum tube. The welding is basically executed in vacuum. It
presents minimized distortions on a wide range of welding applications. The use of
EBW machine under low vacuum or by moving electron gun were recently proven[50],

hence the expansion of application scope. The cathode in vacuum releases electrons

Cathode
(filament)

Grid

Anode

High-voltage

Figure 2-7: Electron Beam welding machine working principle[50]

when heated by the filament. The discharged electrons are accelerated by voltage and
converged by an electromagnetic coil. The electrons produce big heat energy when
they hit the base material. This heat is used by EBW for welding. The figure 2-7

validates this description.
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2.2.2.2 Electrostatic Precipitator(ESP)

It is referred to as a filtration device used to eliminate fine particles such as smoke
and fine dust from the flowing gas e.g air[9]. It is commonly known in air filtration
and pollution control[33]. These devices frequently used in steel and thermal energy

plants. The ESP working principle is based on the electrostatic properties. It is made

Positiye

Negative
Electrode

/ \ Positive
Electrode

Air Stream >

Figure 2-8: Electrostatic Precipitator working principle[33, 9]

of dual electrode sets. i.e positive and negative. The positive electrodes are in the
shape of plates, whereas the negative electrodes are a wire mesh. These electrodes
are arranged alternately and vertically as illustrated in the figure 2-8. The indicated
electrodes are connected to a High Voltage DC source. The negative and positive
terminals of the high voltage DC source are utilised to link the negative electrodes
and the positive plates, respectively[33]. Maintaining a certain distance between the
positive, negative electrode and the DC source causes a strong voltage gradient, which
is used to ionise the medium between the negative and the positive electrode. Air
serves as the medium in between the two electrodes. Since negative charges have a

high degree of negativity, there may be corona discharge surrounding the electrode
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rods or wire mesh. An entrance for flue gases and an exit for filtered gases are
located on opposite sides of a metallic enclosure that houses the complete system. The
ionisation of the electrodes releases a large number of free electrons, which interact
with the dust particles in the gas to produce a negative charge on them. These
particles migrate in the direction of positive electrodes before falling off owing to
gravity. After passing through the electrostatic precipitator and being released into
the atmosphere through the chimney, the flue gas is free of dust particles. Following
the description in [9], the ESP can classified in four types. i.e. Plate recipitator, Dry

Electrostatic Precipitator, Wet Electrostatic Precipitator and Tubular Precipitator

2.2.2.3 Traveling-wave tube(TWT)

The travelling wave tube, a type of thermionic valve or tube, is still utilized in high
power microwave amplifier designs[%]. Although there are many different types of
semiconductor microwave devices, TW'Ts are still employed because they may offer
performance levels in some areas that semiconductor devices cannot yet match[20,

]. In wide-band RF amplifier designs, the traveling wave tube may be employed,
and even today, it outperforms equipment that uses more modern technology. The
TWTs are commonly known in applications like broadcasting, radar and in satellite
transponders. They are still considered in use dispite the drastic development of
semi-conductor technology. Compared to many other designs, the travelling wave
tube (TWT) has a high bandwidth and can operate over bands of up to an octave,
while it is also feasible to use narrow band designs when the applications require for
it. Its working principle is illustrated on the figure 2-9. The TW'T is enclosed in glass
vacuum tube, to maintain the vacuum necessary for the TWT operation. Inside the
TWT, the electron gun comprising of a heated cathode and grids is observed. This
is to produce and accelerate a beam of electrons that travel along the length of the
tube. The DC is required to facilitate in the generation and acceleration of electrons
long the tube. The cathode and grids are connected to High Voltage DC negative
and positive terminals respectively. Due to the presence of High Voltage DC, the

cathode (of high resistance) heats up and emits electrons. The last are accelerated
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Figure 2-9: Traveling-Wave working principle[50]
towards the collector. The TW'T is made of the following major elements: Vacuum

tube, Electron gun, Magnet and focussing structure, RF input, Helix, and Collector.

2.3 High Voltage DC Conversion Sytems

The aforementioned applications indicated that high voltage DC is crucial for free
electrons generation. The free electrons are on base of X-ray production as well as
EBW functionality. In addition, with the development of High voltage DC trans-
mission (HVDC), and the fact of making flexible and low loss power transmission
system, the voltage in range kilovolts is capital. Various power conversion techniques
have been suggested for decades, as a way for supplying high voltage DC[1, 91, 15,
32, 10, 58, 2, 107]. However, the structure of the conversion system; which is: power
stage (usually full bridge), a high voltage transformer, and an output rectifier and
a filter pose some hindrance. In order to minimize the size and weight the DC-DC
converters, it is a common to increase somehow the frequency, in such a way that
the size of reactive elements as capacitors and inductors (which are the most bulky
elements) be reduced. The typical scheme used in low voltage converters consists on
a PWM signal which is applied to a transformer in order to modify its levels; then
the signal is rectified and filtered as indicated in figure 2-10. If the duty cycle of the
signal is modified, it is possible to modify power transferred to the secondary side as

well.

54



Chapter 2 — The High Voltage DC Based Equipment

bnnm.

— !

SYY Y\
s
+ +
— / A | Filter
M +

‘: Rectifier

——

Transformer

Figure 2-10: Hlustration HV DC conversion and energy transfer process

As it is well known, these converters operate under the principle of if the switch
operates only in ON and OFF state, there will be no losses in them. As it is obvious,
this is not completely true, there are losses in ON state due to the ON resistor
basically. There is another possibility to modify the power transferred, and it is
adding resonant elements (inductors and capacitors) and operate the converter at
variable frequency; doing so, the resonant tank modifies the power transmission to
the output, provided it acts as a HF filter (or band-pass/LF). Finally, at the output
filter, the waveform will be sinusoidal, with an amplitude that depends somehow with
the frequency. Whatever the method used to modulate the power transference, if the
frequency increases (as it is desired in order to reduce size and weight), the switching
losses increases significantly, and they can limit the value of the frequency. There are
several solutions, such as the use of snubbers|71, , , |, selecting different
switches (MOSFET, SiC, etc), soft-switching, etc, that can cope with these losses
or modifying the topology in such a way that the transitions are carried out in a
“soft way”, it means, trying that voltage and current don’t be present at the same
time (see figure 2-11), obtaining either Zero Voltage Switching (ZVS) or Zero Current
Switching (ZCS); in both cases, the switching losses are reduced to zero, since one of

the magnitudes is zero.
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Figure 2-11: Illustration of (a) hard switching and (b) soft switching, with ZVS and
ZCS shown.

The figure 2-11 shows the difference between hard-switching (figure 2-11 (a)) and soft-
switching (figure 2-11 (b)). In this way, resonant converter topologies include reactive
elements, in such a way sinusoidal waveforms are obtained. The goal is try to operate
these topologies so that present the aforementioned waveforms; obviously, the control
stage is needs to consider this in addition, making it more difficult. In HV converters,
the high-ratio transformer exhibits parasitic elements that are impossible to avoid; one
of the possible solutions to overcome the effects, consists in including these parasitics

in the topology. Hence, the PWM application in this case is possible. The resonant
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structure were proven the best suit. They allow the high voltage transformer parasitics
inclusion in the conversion structure is some topologies. The resonant converters have
drastically gained the use in various applications due to high efficiency and power
density. Therefore, high voltage transformer is needed to ensure a large turn ratio.

The complete conversion process is shwon in the figure 2-12.
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Figure 2-12: Illustration of the complete power conversion stream
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2.3.1 DC-DC Resonant Conversion Systems

As previously stated, resonant converters have risen to prominence in high voltage
DC applications, excelling all other DC-DC converter types due to high efficiency
and power density. As a result, many studies in various types of use and domains
have been done. This chapter will provide an overview of the resonant converters
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Figure 2-13: Hlustration of the resonant converter

literature. They're known as electrical converters, and they’'re made up of a network

of inductors and capacitors. This network is referred to as a "resonant tank," as it
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is set to a specific frequency[102]. The figure 2-13 illustrate the resonant converter,

broke-down in the following components:

. DC voltage source; it is the voltage supply source to the converter and plays
a role of the base for the voltage normalization purpose. Any change in the
input voltage affects the output of the converter. Which is usually obtained

from mains (single phase or three phase) and then it is rectified and filtered.

. Inverter: active front-end made of IGBTSs; it is the stage that converters the
input DC voltage to Square waveform, of a given frequency. This waveform can
be as simple as an +V¢. and —V¢e or much more complex, such as in matrix
converters. The desired waveform defines somehow the switches as well as the

power topology.

. Resonant tank, it is a network configuration made of reactive elements i.e.
inductor and capacitor. They can take various configurations depending on the
application in place. They play a capital role in power transfer following the
conditions of switching in place. Basically, the resonant tank filters the output

square waveform generated by the power stage and outputs the first harmonic.

. High voltage transformer; it is important in stepping up the resonant tank
voltage level, in order to track the level of voltage necessary at the converter
output. These kind of transformers, since they have to cope with isolation

distances, etc, present important parasitic elements.

. Rectifier; it converts the AC voltage and current from the transformer back

to DC at the output of the convert.

. Output filter; eliminates the ripples to the necessary level and provides clean

output DC voltage.

Various studies were carried out on the switching mode DC-DC converters to guar-
antee that they respond to the most critical criteria for power electronics application

i.e reduction of switching and conduction losses in switch-mode while commutating
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on high frequency. A number of switching topologies can achieve high-power transfer,
however the challenge reside on the power switches (transistors, MOSFEs, IGBTs and
diodes) and energy storage passive elements (capacitors and inductors). They take
part in the the design of the power converter and affect the efficiency. Alternatively,
the resonant converter can minimize the converter size and the switching loss, thereby
providing higher efficiency[73, 18, 89]. For high power applications where isolation is

required, high power transformer is always necessary.

2.3.1.1 Resonant Tank Topology

It consists inductor and capacitor circuitry (reactive elements) in various configura-
tions.i.e LLC, LCC and etc. They store oscillating energy with the frequency of the
resonant circuitry. The resonant tank can be tuned to a certain resonant frequency
through the adjustment of reactive element data. Hence, the resonant tank is a cru-
cial part of the resonant network. They can be in several categories three of which

are the following:

1. The first classification depends on the reactive components configurations. Dif-
ferent topologies appear; in this work, two of them will be the objective of study

i.e. series resonant converter (SRC) and parallel resonant converters (PRC).

2. The second classification is based on the number of the reactive components in

the resonant tank (determines the transfer function order).

3. The third classification covers the elements and multi-elements resonant tank|[30].
The number of the reactive components in the tank determine the tank transfer

function; hence the power transfer.

Therefore, the control should adapt to the tank configuration too. The figure 2-
14 illustrates the commonly known classification of the resonant tanks. The power
transformer makes a key component of the DC-DC resonant converter introduced

previously.
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Figure 2-14: Resonant Tank: (a) Series Resonant; (b) Parallel Resonant; (c) Series-
Parallel Resonant.

2.3.1.2 Power Transformer

Referring to the topology in the figure 2-13, the power transformer is crucial. It

reflects two important particularities:

1. Large Turn Ratio: due to the high voltage required at the output of the
converter, the transformer with a typically large turn ration is necessary. Usu-
ally the input voltage is smaller, mostly from a three phase line of 400 V, it
means that the maximum can reach 700 V. So, to generate the output voltage
in the range on kilo-volts, a transformer with a larger turn ratio is capital. This
implies the big number of turns at the transformer’s secondary winding, and
therefore, a significant capacitance in it. The same capacitance is reflected to
the primary as a product of the squared transformer turn ratio. It is com-
monly several hundreds of nano that can be achieved from the primary. This

capacitance is illustrated as Cp as indicated in figure 2-15.

2. High Isolation Distance: the large isolation distance between primary and
secondary winding of the transformer and in the secondary itself result in
large leakage inductance. This inductance is illustrated as Lg. The leakage
inductance Lg and the parasitic capacitance Cp are the transformer’s major
non-idealities that cannot be neglected. As a result, the commonly used reso-
nant topologies try to include those transformer non-idealities in the resonant

tank[33, 97, , 104].

After having discussed the resonant converter mentioned in the figure 2-13 and outlin-

60



Chapter 2 — The High Voltage DC Based Equipment

Figure 2-15: Illustration of equivalent topology to the step-up transformer

ing various components that make it. It was shown that the resonant tank; in various
configurations plays a capital role in power transfer. The figure 2-15 illustrates the
power transformer, on which the transformer parasitics are indicated. They can be
included in the topology depending on the application whether it is SRC or PRC.
In case of SRC, for applications such as WPT, the large leakage inductance Lg is
experienced, while the parallel capacitance Cy, is neglectable. For the case of PRC in
HV application, the large leakage inductance Lg and the large parallel capacitance Cp
are experienced. Therefore, the next subsections will elaborate more on the Parallel
resonant converter (PRC) and Series Resonant converter (SRC) configurations. The
last two resonant structures have very different applications, they are flexible and
they will serve as an example to demonstrate the whole process: polynomial model

and its implementation in different digital controllers.

2.3.2 Parallel Resonant Converter

The PRC particularly seems to be a better fit for resonant topologies; as its structure
allows both step up and step down of the DC voltage applied to it. The PRC is
structurally shown as in figure 2-14(b). It is an advantage that PRC can produce
the output voltage higher than the input voltage. In PRC topology the transformer

parasitics can be considered as part of the resonant tank. They have a particularity
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of exhibiting a current-source characteristics near the resonance[28]. However, it
very challenging to control it if the load and the input voltage vary widely[97]. The
figure 2-16 represents the parallel resonant connect to full-bridge converter. A serial
capacitor is also included in the PRC, but it serves as a DC level remover rather than
a resonant element (it is not taken into account in the calculations). The primary
purpose of its inclusion is to eliminate the aforementioned DC level; it has no impact

on the resonant tank. The voltage conversion ratio of PRC is obtained in terms

1y Xp, SLE}DZ * *
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Figure 2-16: Parallel resonant DC-DC converter applied at full with output capacitive
filter

of an equation in normalizd values through the First Harmonic Approach using the

approximation shown in [43] and it is shown in the equation 2.1.
Vo 4 ko
= - 2.1
where
1
e 8D\ ]? : >
A2 tan A2 1
1-f ) 1+ — f—
[67)- ()] P cim
. (0
ky =1+ 0.27.sin <2> (2.3)

1. 9: output rectifier conduction angle (proportional to the load), more details are

given in [13]),
2. B and wCpRe: the details for those are given in [13],

3. n: transformer turns ratio,
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PO §
4. f = f—s:normalized switching frequency,
0

5. fg:switching frequency, and

6. fg = : parallel resonant frequency

1
27[\/ LSCS

The equations 2.1, 2.2 and 2.3 together with the figure 2-17 illustrate the voltage
conversion ratio of the parallel resonant converter. Contrary to the series resonant
converter, the PRC can regulate the output voltage at no-load condition when it op-
erates above resonance. Note that at resonance, the output voltage is proportional
to the load, hence it hikes up to very high value at no load. The PRC is structurally
protected from short-circuit. This fact is proved by applying the short circuit across
the resonant capacitor. In this case the voltage applied by the inverter is the same
voltage accross the inductor and the inductor impedance limits the current[10]. Thus,
the parallel resonant converter is exceptionally preferable for applications with criti-
cal short-circuit requirements. In this case, the PRC presents an advantage of being
high current device and comparatively independent of the load. The operating fre-
quency increases with the increase in the load resistance(load decreasing) to regulate
the output voltage. In this case, the resonant tank current remains nearly constants.
Consequently, the conduction losses in the power electronic switches and the reac-
tive components will remain nearly fixed as the load reduces. Hence the converter
efficiency declines at low load. Additionally, the circulating current rises with the

increase in the converter input DC voltage.
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Figure 2-17: PRC voltage conversion characteristics, with respect to the load level

and frequency

The PRC is approriate for applications which run from comparatively narrow in-
put voltage range and that exhibit a nearly constant load closer to the maximum
power[95]. The PRC are usually used in low output voltage application with an in-
ductive output filter, with high current application. However, it can be used with
high output voltage by omitting the inductor and use the capacitive filter, in case of
low current applications. The indicated omission of the inductor alter the waveform

of the resonant circuit but the converter performance remains unchanged[1(].

2.3.3 Series Resonant Converter

The series resonant converter (SRC) is the commonly used resonant topology, as it
can facilitate in its control if the load and the input voltage vary widely i.e. they have

a better control characteristics[l 13, 104]. The SRC is structurally shown as in figure
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2-14(a). The series capacitor is this structure serves both resonant element and the
DC component suppressor of the converter output signal. Therefore the unbalance
in switching times of the switches as well as the transformer saturation are avoided
in full-bridge applications. The SRC is illustrated in figure 2-18, with an inductor

omitted in the output filter. Hence, it is suitable for high-power applications.
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Figure 2-18: Series resonant DC-DC converter applied at full with output capacitive

filter

The voltage conversion ration of a SRC is obtained in normalized values through the
First Harmonic Approach using the approximation suggested by Steigerwald in[07]

as given in equation 2.4.

1
Yo _ ; (2.4)
mVin 1+i2Q [f—‘ 1]
J 3 ;
Where,
1. Q = —: the normalized load,

0

[\)

IL
A C—S: characteristic impedance of the resonant tank
S
3. n: transformer turns ratio,

~ fs
4. f = f—b:normalized switching frequency,
0

ot

. fs:switching frequency, and

1
. series resonant frequency

6. fp = —F——=:
0 27[\/ LSCS
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However, it presents some more advantages including the reduction in current of the
power switches which goes with the load drop. Hence less conduction losses as the
load reduces. Therefore the high part of the load efficiency is maintained. The SRC
is not drawback free as it has challenges in regulating the output voltage at no load
conditions[05]. The last fact is demonstrated by the equation 2.4 and illustrated by
the graphical representation in figure 2-19. Additionally, it does not cope with the

transformer parasitics, and output voltage is always lower than the input voltage.

1
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nVin
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0.5
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Figure 2-19: SRC voltage conversion characteristics, with respect to the load level

and frequency

From the figure 2-19, the lower the load, the flatter the voltage conversion charac-
teristic. It is an implication that the SRC is suitable for applications where no load
regulation is not necessary.

For both SRC and PRC, the control topologies are key to be able to track the right
and desired output. This work will consider the SRC and PRC in their various appli-

cation, but focusing more on the control side. This helps in making easy, faster and
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quick fixing algorithms. The goal is obtain a model valid for digital controllers. This
work focuses on PRC and SRC, since they have different applications, so that it is
demonstrated that the method is valid.

2.4 The Propositions and Contributions of the Project

As indicated previously, this project considers both SRC and PRC, and focus much
on their respective control sides. It springs from their steady-state model illustrated
in [25]. However, the steady-state model renders the control algorithm much complex
in such a way that the use controllers with high computational capability is required.
Therefore, the polynomial model was suggested and developed from the steady-state
model, as a alternative solution. The last is a fast, quick fix and easily applicable
option to various Digital Signal Controllers (DSC) and FPGA. The detailed polyno-
mial models for both SRC and PRC will be illustrated in this work. Their respective
control program will be built based on their respective polynomial model. Their im-
plementation on the DSC and FPGA will be done. The closed loop control of PRC

shall be proposed using the fuzzy control algorithm.
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Figure 2-20: The process of generating a polynomial model from the PRC’s steady

state models is depicted in this illustration.
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The complete process of developing the polynomial models from the steady-state
models is shown in figures 2-20 and 2-21. The steady-state models are created in
MathCad, and the PRC model equations are published in [25]. Normalized data are
used in the models to broaden the operational range of related prototypes. The pa-
rameters of steady-state models are graphically portrayed, and the same graphs are
modified to produce a graphical representation of the polynomial model. To obtain
the equivalent polynomial term for each graph, the Data Fitting and B-spline numer-
ical analysis approach are employed. As a result, the general polynomial expressions
can be found. The general equation are used to generate programming codes that
can be fed into a DCS or FPGA for the production of control waveforms. The power
electronics switches are activated by the same waveforms. As a result, the polyno-
mial models are easy to run on any DSC or FPGA; they are faster and quick fix.
The closed loop control for the PRC will be done in this work using fuzzy control

algorithm.
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2.5 The review of the cutting-edge solutions for
the implementation of resonant converter con-

trol in the programmable circuits

The use of programmable circuits is not new in the research about the control of
resonant converters. This section give a look back in the literature and highlights
various cutting solutions in implementing the control of the resonant converters in pro-
grammable circuit. Various control techniques for the Series Resonant converter were
run for comparison purposes in [72]. Different controls topologies and algorithms were
developed and executed using the 16-bit DSPIC33FJ16GS502 digital signal controller
(DSC). It generates control signal and digitize the feedback. The DSPIC33F J16GS502
is found among the Microchip technology solutions. The controls for soft start-up
of pulse-density-modulated series resonant converter for induction heating were dis-
cussed in [10]. The control system is based on the STM32H743ZIT6 microcontroller
(MC), which an STMicroelectronics product. The control of LCC resonant converter
to generate X-ray with optimal trajectory start-up was implemented in [120]. The
control algorithms were build and executed on both FPGA and DSP28335 (TI prod-
uct) for speed comparison purposes. The real-time hardware-in-loop implementation
of LLC resonant converter at worst operating point based on time domain analysis
was discussed in [341]. In this, the control algorithm is built OPAL-RT and FPGA.
The control of PV micro-converter based on CLL resonant conversion was discussed
with a power control scheme using resonant circuit voltage control loops in [19]. The
control algorithm in this case, was built in TMS320F28335 DSP board, which is a
TI product. Apart from those instance mentioned, there alot of solutions where the

programmable circuit involve in various controls.
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2.6 Conclusions

This chapter elaborated more on the High Voltage DC equipment. The use of high
voltage DC in medical and industrial application was tackled. The commonly used
switch mode power supply systems were highlighted, with strong emphasis on res-
onant converters. In those, the series and parallel configurations were taken into
consideration. In this case, the resonant converter parallel configuration suites the
high voltage DC application. Due to the needs of high voltage DC, the power trans-
former was found necessary in these topologies; therefore the power transformer non-
idealities and their inclusion in the resonant tank structure was discussed. On the
other hand, the resonant converter series configuration fits the low voltage applica-
tions i.e. Wireless Power Transformer (WPT). In this chapter the method of imple-
menting the control in digital controllers and their application to the two indicated
converters were introduced. Finally, the steady-state model of both SRC and PRC
was indicated and the development of polynomial model for both SRC and PRC and

the process required were mentioned in this chapter.
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3.1 Introduction

Nowadays, in modern technologies, high voltage is applied in various domains; the
high voltage levels (teens of kV) is required in a wide range of applications: medical,
industrial, environmental, measurements, etc[75, 79, 3]. Due to high efficiency and
power density, the resonant converters have drastically gained the use in plenty of
applications[76, 70, 18, 87, 54]. Various power conversions systems have been sug-
gested for decades, as ways of supplying high voltage[32, 58, 10, 2, 107]. In this way,
switching mode power converters are commonly used to achieve high power densities.
High-frequency operation is mostly preferred to minimize the size of the topology.
However, it could be the cause of a significant increase in switching losses. As a re-
sult, resonant converters were introduced as a possible solution. Resonant converters
can perform at very high switching frequencies while maintaining high efficiency since
they can operate with soft-switching and, consequently, low switching losses. Hence,
it found place into a wide range of applications. The resonant converter involves differ-
ent issues as far as control is concerned; one of which is determining how to control the
switching pattern to maintain soft switching under a variety of input voltage and load
values. The converter’s parameters (component specifications, switching pattern) can
only be optimized at a specified operating point (a given output voltage and power).
The converter will drift away from its optimal functioning point when the working
conditions change, and the soft switching function might be lost, since soft-switching
operation mode is achieved under given conditions(input voltage, power and load).
The only control freedom left is the switching pattern of the switches, as component
specifications cannot normally be modified once the converter has been developed.
The wide frequency variation required to sustain soft switching functioning is one of
the major drawbacks of this technology. The switching frequency for Zero Voltage
Switching (ZVS) could range from one to more than double the resonant frequency|6].
The resonant converter topology determines whether the application uses variable
switching frequency or both variable switching frequency and variable duty cycle.

The chapter 2, introduced the resonant converters and articulated on two topologies
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i.e. Parallel Resonant Converters(PRC) specifically for HV applications and Series
Resonant Converters(SRC), for any other application that doesn’t involve high Volt-
age. The ZVS and Zero Current Switching (ZCS) are achieved when both variable
switching frequency and duty are applied to a Parallel Resonant converter(PRC).
The variable switching frequency can be used in Series Resonant Converters (SRC)
to achieve ZVS only. The optimal mode of operation is achieved by combining the
ZVS and ZCS, which is typical in PRC applications; and by controlling the switching
frequency and duty cycle in such a way that the target output voltage and power are
tracked. The optimal mode is further detailed later in 3.3, illustrated in the figure
3-4 and given deep focus in 3.3.3.3. The normalized values are utilized to increase the
converter operational span. This chapter will present the steady state model control

for PRC a shown [25] and the steady state model control for SRC.

3.2 Steady State Model of the Series Resonant

Converter

The converter’s output voltage and power depend not only on the input voltage and
output load but also strongly on the resonant tank component, switching frequency
and the switching pattern. The SRC has a resonant tank that consists of capacitor
and inductor in series configurations as it was exposed previously. The resonant tank
components strongly react to changes in the switching frequency; the power transfer
is affected. Hence, the output voltage and power gets affected too. This is a setback
as far as control is concerned. Most of researchers avoid it by only analyzing SRC on
first harmonic approach. To ease the analysis of the SRC parameters at larger span,
the normalized values are utilized. The steady state model only for the SRC can be
studied under time domain, and this section of the work will exclusively be limited
to steady state model of the SRC. The analytical expressions will be illustrated and
validated graphically. The last representation will show the various operating points

to consider while drawing the control philosophy. The Figure 3-1 shows different
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Band pass filter
(X

Rectifier
Inverter
Figure 3-1: SRC block with major related waveforms[100)]

output waveforms respective to each step of the converter. The series resonant tank
act as band bass filter; it maximizes the power transfer at resonance. The control
scheme for SRC is slightly sophisticated, and controllers with computational capabil-
ities (modern digital controllers, Micro-controllers, Digital Signal Processors, Digital
Signal Controllers, etc) are quite ideal for this task. Regarding their cost, it seems
to think that it should be a drawback; by contrast, the cost of digital control circuits
have been decreasing during last years. Micro-controllers (MCUs) are a good solu-
tion for implementing complex algorithms in low power systems, such as electronic
ballasts: in [5], the use of an MCU enables to control the power converter with two
different feed-back loops: resonant tank inductance current and switching frequency.
Without a MCU, the implemented control scheme would be problematic to realize.
For high-power systems, once again the use of digital controllers is also common; in
[17], a Digital Signal Processor is used to control a resonant converter at low fre-
quencies. On the other hand, the software tools available for designers enable fast
development prototyping. High-level synthesis tools, such as Hardware in the Loop
(HIL), reduce the development times and ease the test and verification of complex al-
gorithms, as well as testing the system reliability and reducing development times[15].
The digital controllers development has been driven by power control requirements as

well. In this way, Digital Signal Controllers (DSC) implement in hardware Multiply-
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Accumulate instructions, in only one cycle (to obtain Fast Fourier Transform) and
incorporate high-speed PWM dedicated outputs, for instance. These devices are ap-
plied to different power systems [84]. On the other hand, resonant converters are
being widely used, in many different applications; as far as SRC is concerned, the
power topology is frequently used in Wireless Power Transmission systems[119, 51],
since the ineluctable transformer leakage inductance is included in the resonant tank.
In this way, this work is framed within this line i.e. power systems (resonant con-
verters, SRC in this case) controlled by DSCs. In order to implement a valid control
algorithms for these converters, first it is necessary to obtain a suitable model. Us-
ing the SRC as an example, the steady state model, its equivalent expressions and
graphical representations shall be illustrated in this chapter. As mentioned in 2.3.1,
SRC is used in applications such as WPT, hence the power transfer and the output
voltage are the key controllable parameters. The controllers force the output voltage
and power to tack and follow the required reference values. it means that the output
voltage and power are controlled with the change in initial resonant current and the

switching frequency.

3.2.1 Analytical study of SRC Steady State Model

The operation mode selected for the converter is fixed duty cycle, variable frequency

and some assumptions are made:
o The components are ideal: no losses and delays are caused by them.

o The output ripple is considered negligible and the output voltage can be con-

sidered constant, specially during a switching-period.
« No temperature effects are considered.
o Input voltage is kept constant.
o The converter will operate above resonant frequency.

o The converter will operate in continuous mode.
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There are many models of resonant converters, using different methods, such as
Laplace [23, 22] , First-Harmonic approach [95, 99],state-plane diagram [55],time-
domain [30] and etc. In this chapter, the last option has been selected, and the SRC
fixed-duty, variable frequency is modeled in time-domain, based on its equivalent cir-
cuits. The process is summarized in figure 3-2, which shows the equivalent circuits
according to the waveforms presented. The converter will operate above resonance, so
the current will have a positive lag to the input voltage. It is possible to distinguish
two different equivalent circuits, according to the time; in figure 3-2, are labeled as
1 and 2. The first one takes place at the beginning of the cycle, and as long as the
current is negative, D2 and D3 are in ON state, so the output voltage is reflected to
the primary side as negative; as soon as the current cross zero and becomes positive,
diodes D1 and D4 are now in ON state, reflecting the output as a positive voltage.
Figure 3-2 shows also the value of the initial and final magnitudes for each equivalent
circuit, as well as the times at which they are valid. As it can be seen, it is only nec-
essary to analyze half-period, since the circuit is operating with duty cycle 0.5 and
in steady-state as shown in equations 3.3, 3.4, 3.8. Things being so, the converter

operation is summarized by expressions from equation 3.1 to equation 3.10.

(-Veco+ V1) +V2) .

oo sin(w - t1) + I - cos(w - t1) =0 (3.1)

- 1 2
(Veo + Veot v ;LV )+ (1—cos(w - t1))+

: L-Cow (3.2)
+C+’W -sin(w - t1) = Vel
Vi-Ve-Vo

I, = # -sin(w - (0.5 - T—t1)) (3.3)
V1-Vel-V2

~Vco = Vel + T CwZ (1-cos(0.5-T~t1)) (3.4)

The next step is obtain the normalized expressions of the aforementioned equations;
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the following base terms will be used:

This base values give raise to the next set of normalized equations:

(Veo+1)+99) -sin(2-m-t1) +1Io-cos(2-m-11) =0 (3.6)

Vel = (\760 + (1499 —Veo) - (1 — cos (2 ST ’El)) + io - 8in (2 ST fl) (3.7)
(1-%e1 —¥9) -sin(2-m-(0.5-T 1)) = 1o (3.8)

(V1 + (1 9e1 -~ ¥2)) - (1 cos(n- T 1)) = o (3.9)

05-T>%; §1>0; v9<1; T<1 (3.10)

Where T is the normalized period, while t; is the normalized time. In the same
way, Veo, Vel, V1 and Vo are normalized values, respective to their values in equations
3.1, 3.2, 3.3 and 3.4. In order to solve completely the converter, it is necessary to
include the output power values. the figure 3-2 shows that during step 1, the power
flows from the output to the input, and during step 2, the process is the opposite.
This means that it is necessary to consider a proper balance between both stages
(reactive/active power). Once the different values (period, Vcl, etc) are known, it
is possible to calculate the delivered power to the output. The previous non-linear
equation system does not have an easy solution, and the best option is to obtain some

plots, that help in the converter design process.
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Figure 3-2: SRC main waveforms and its equivalent circuits.

3.2.2 Graphical Represention of SRC Steady State Model

Figure 3-3 shows in horizontal axis the output voltage in normalized values, it means,
the voltage gain vs the period (at the top) and vs output power (bottom). Every
curve is plotted for a given value of the initial resonant current. As it was mentioned,
this value is negative, since the converter is operating above resonance. With this set
of plots, it is possible to design a SRC converter. In the next chapter, the polynomial
model attainment procedure is shown. The SRC steady-state model is illustrated
by the equations 3.6, 3.7, 3.8, 3.9 and 3.10. Since these equations do not have easy
solution, the graphical representation is a capital tool to ease the converter design
process. The graphical representation is indicated in figure 3-3. On the same figure,
the top illustrates the normalized period T versus output normalized voltage ¥ in
presence of normalized initial resonant current L. While, the bottom part of the
figure shows the normalized output power p versus the normalized output voltage ¥

in presence of normalized initial resonant current I,. Both figures can be summerized
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Figure 3-3: Voltage gain vs. period (top) and output power vs. voltage gain, every
curve is plotted for initial current different values. All the magnitudes are normalized.

into the expression shown in equation 3.11.

T=F (io,v) and p=F (io,v) (3.11)

The equations 3.11 show the period as a parameter depending on the normalized
output voltage and normalized initial current of the converter. It is the same case
on the normalized output power. Therefore, the power and period are interdepen-
dent. As longer as the output power is the posed parameter, it can be packed. The
normalized period, therefore, becomes an unknown parameter on which depends the

power transfer. So, the normalized period i.e the normalized frequency is considered

81



Chapter 3 — Overview of PRC and SRC Steady State Models

as capital for this work and expressed in the equation 3.12.

A

T=F(lo,¥)) and f== (3.12)

| =

From the graphical representation 3-3, beyond the normalized output voltage ¥ =
0.8, the converter voltage attains its cut-off for various levels of initial current Iy,
and the output power increases sharply. It affects the switching frequency behavior.
Therefore, the SRC design will not go beyond ¥ = 0.8, to avoid the drastic increase
in power and decrease in switching frequency. Hence, the SRC design considers the
equations 3.12 as important, and assumes this equation as a polynomial expression.
It leads to a polynomial expression of nyj, order. The last is simple and make the

control philosophy of SRC.

3.3 Steady State Model of the Parallel Resonant

Converter

The PRC and PRC-LCC are the most common topologies in high voltage application,
since with the inclusion of the high voltage transformer they implicate the parasitics
as part of the resonant tank[!7] as shown in figure 3-4. By applying the phase-shifted
PWM, it is easier to operate the converter in optimum mode[25] as illustrated in
Figure 3-5 and detailed later in 3.3.3.3. As it is well known, in order to operate the
converter[25, (5, (6], the frequency and duty are modified, in such a way that the
output voltage and power requirements are achieved. As the duty and frequency are
variables, a couple of combinations of power and voltage at the output of the converter
are produced and keep the converter operating in the optimum mode. However, at
every desired value of output voltage and power, the corresponding frequency and
duty have to be pre-calculated[65, 66, , 97, 90]. The last is a complex process; it
renders the implementation mores sophisticated. Hence, any algorithm computing it

in any type of Digital Signal Processor (DSC) is of capital interest.
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3.3.1 Analytical study of PRC Steady State Model

In 2.3.2, the Figure 2-16 shows the parallel resonant converter (PRC). In this case the
output filter is capacitor based; it omits the inductor to avoid a bigger choke size in
high voltage applications[25, 65, 78, 67, 59, 118]. The resonant tank in parallel con-
figuration can either be made of discrete components or be included in the parasitics

of the high voltage transformer. If the last option is considered, the design of high
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voltage transformer keeps the necessary distance between the windings for insulation
improvement; it results into a high leakage inductance Lgs. While, due to the large
number of windings at the secondary side of the transformer; the bigger number of
turns result into a very big capacitor. The last is referred to as a parasitic capacitor
Cp. The mentioned parasitic elements make part of the resonant tank components.
Considering the active front-end inverter in Figure 2-16 and 3-4, the voltage square
waveform is generated with fours switches. It will be filtered by the resonant tank,
thus the quasi-sidusoidal voltage waveform is obtained at the secondary. The anal-
ysis is done under time domain to process the topology calculus[!13]. Apart from
the SRC and some other configuration of the same components presented in [101],
where the series capacitor Cg plays both the role of resonant tank element and DC
component suppressor. The series capacitor Cg plays only the role of DC component
filter, and it does not resonate with the resonant converter. Therefore, the line-
commutated-converter-type (PRC)/ (PRC-LCC) is obtained [95, (4, 13]. However,
the Cg is not considered in modeling and calculations. As the serial capacitor is only
for DC level suppression in the DC signal, there is no need of particular specifications
for it. The PRC efficiency improves when the output power decreases|[25]. The PRC
with resonant tank components included in high voltage transformer will be analyzed
in this section. Therefore, the number of external components is reduced, unless, the

transformer parasitics are not big enough.

3.3.2 Base and Normalized values

For the ease of application and on a wide range, the normalized parameters are
used. Hence the equations 3.13 and 3.14 illustrate the respective base and normalized

parameters for the indicated PRC. In which, f, v, Q) and p are normalized frequency,
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normalized output voltage, normalized load and normalized power respectively.

Lg
VBase = VCC ZBase = C PBase -
P
1 1

FRage = —— =
Base = 5 o To.Cp  CBase ™ T Ch

2
Vo
ZBase

(3.13)

Based on the equation 3.13, the normalized parameters are illustrated as follows:

vout P Pout Q _ RL f _ f
VCC VJ2_Q ZBase fBause
ZBase

(3.14)

v =

3.3.3 PRC Operating Modes

The PRC will generate waveform identical to that illustrated in Figure 3-5. The
four power electronic switches will allow to implement various controls. This work
shall tackle and limit itself to variation of frequency and duty. The operation of the
converter targets to generate the resonant inductor lagging the voltage (inductive
mode). Therefore, at least one of the legs is zero voltage switching (ZVS). The
analysis of the converter will be carried out by its various stages, with each of the
equivalent circuits that these stages produce being studied. The currents and voltages
at the resonant components, which in our instance are the serial inductor and parallel
capacitor, must be considered. The ideal transformer is considered for translating all
the magnitudes to the primary side, and the parallel capacitor clamps to the output
full bridge rectifier. The voltage waveform in parallel capacitor reflect that this voltage
is clamped to the output voltage on positive and negative polarity, when it reaches
this value. This "time to clamp" help to differentiate two modes as indicated in Figure
3-6. The normalized values will be to carry out the complete analysis of the converter.

The related equations are illustrated in equations 3.13 and 3.14.

85



Chapter 3 — Overview of PRC and SRC Steady State Models
20 /ﬁ\ —I
0 ,AL\ \

) / / \\\__/

20f 4 <
664.92u666.65u 668.00u 669730 672,000 673,730 675.33u
(a) Time [s]

20

VAT
LUAUAUA
I\ N

/|
N /‘ V7 7

Yy

-20

664.92u 666.65u 668.00u  669.73u  672.00u 673.73u  675.33u
(b) Time [S]

Input Voltage Vas

Resonant Current — \/0ltage at the Capacitor

Figure 3-6: Mode I: at (a), Capacitor (Cp) voltage clamps before DT. Mode II: at
(b) the capacitor (Cp) voltage clamp is produced after DT. Both the figures (a) and
(b) illustrate Mode I and Mode II in Optimum mode[25]
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Figure 3-7: The illustration of Mode I and Mode II in their respective circuitry and

expression, both in their Optimum Mode.

3.3.3.1 Mode I

From the Figure 3-6 and 3-7 , considering that the output voltage is maintained
constant all along the switching period T once the voltage in the parallel capacitor
reaches Voyut it will stop to charge since the output filter capacitor acts as voltage
source placed in parallel with this capacitor. Once the resonant current falls to zero
and becomes negative, the parallel capacitor will starts to decrease and the current
accross the diodes will be zero. The voltage at the parallel capacitor is clamped
as long as Vpp is positive and equation to V. The condition of operation are

illustrated in equation 3.15.

t, >0t +tc <dT (3.15)
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The mode I is typically of high duty-cycle as the parallel capacitor has enough clamp-
ing time. This mode is defined by the following limits: ty, = 0 and t}, + tc = dT.
Once the duty-cycle get fixed; the complete equation that computes different current,

voltage, and time is obtained.

3.3.3.2 Mode I1

The mode II is illustrated in figure 3-6. In this mode, t;, > 0 and tc+ty, > dT; hence
the parallel capacitor clamps to the output voltage after that input voltage reaches
zero. The limit to define this mode of operation are: tc 4+ ty, = 0.5T, since this is the
cut-off for capacitor charging. This mode happens when the duty cycle is not high.
Depending on the frequency and voltage gain; however, the same duty can be used to

operate the converter in both modes. In both modes soft switching can be realized.

3.3.3.3 Optimum Mode

Let us refer to the cases in which ty, = 0, in this case the product of input voltage
(Vap) and the input current(resonant current) is always positive. It means that the
power is positive and no energy is sent back to from the secondary side. The current
is zero at any switching. It is a particular operation mode and it is included in the
previous one. The Figure 3-4 illustrates the PRC with the transformer parasitics
making the resonat tank. It is made of a power transformer, which has the ideal
part and the parasitics. They make the resonant converters and they are the reason
of the converter performance. The Figure 3-7 shows various steps of the resonant
tank performance and the respective characteristics. The same figure highlights the
basic equations on which are based the steady state modeling of the PRC. Hence, the
Figure 3-7 results into the Equations 3.16, 3.17, 3.18, 3.19 and 3.20 [25]; respective to
mode I as indicated in the Figure 3-7. The same equations are graphically represented
in Figure 3-8(c). Here T,\?, t and d are the the normalized period, normalized output

voltage, normalized time and duty respectively.

o= LT T cos (2nty)] (3.16)
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I} = (1+7).sin (2nf;) (3.17)
Iy=(1-%)2n (dT-df) + 1 (3.18)
T>0 t<dT (3.19)

0=1Iy 2n9.(0.5-d).T (3.20)

For the optimum mode, the system of equations is illustrated in equations 3.21 and

its graphically illustrated in the Figure 3-8(c).
Iy = ¥ sin {271 (fg - dT)} + 1 cos [27{ (Eg - dT)} (3.21)

The Mode II indicated in Figure 3-7 result into the equations 3.22,3.23,3.24 and
3.25[25].
I} = (1+7).sin (2rdT) (3.22)

T+ =(1+7). (1 — COS (2ndT)> (3.23)

v="" {COS (TE.EQ —dT )-1] + I; sin (2.7[. (EQ - dT)) +91(3.24)

Iy = 219 (0.5.7 - ) (3.25)

The same equations result into the graphical representation of the model as indicated

in the Figure 3-8.
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3.3.4 Graphical Represention of PRC Steady State Model

The steady state model normalized equations for PRC are detailed3.3.3[25], and rep-
resented graphically in Figures 3-8 to illustrate its behaviors. The Figure 3-8(a) and
(b) show the normalized output voltage of the model with respect to the change in
normalized switching frequency, and in presence of the suitable value of the duty.
While, the Figure 3-8(c) illustrates the normalized power as a function of normalized
output voltage in presence of respective duty values. The mentioned graphs highlight
the process to establish the necessary duty and switching frequency for achieving the
targeted output voltage and power. It is a long and complex process that humps the
implementation mostly on low-cost DSC. That complexity imposes a requirement to
use a micro-controller with reliable computational capability. Hence, the use of DSC
is crucial, and converting the steady-state model into the algorithm that the DSC can
handle is the goal. For simplification of the task, the steady state model graphical
representation in Figures 3-8 (a), (b) and (c) give the approach of the PRC steady
state mode behavior. However, they structured in such a way to easily generate duty
and switching frequency once the power and output voltage are provided. Hence, the
new form of graphical representation indicated in Figure 3-9 is obtained. In the last,
the switching frequency and duty are functions of output voltage and power. The
Figure 3-9 (a) indicates the normalized frequency as a function of normalized output
power, in presence of the normalized output voltage. Hence, the normalized frequency
is a function of both normalized output voltage and normalized output power. On the
Figure 3-9 (b), the duty as a function of normalized power, in presence of normalized
voltage is illustrated. It implies that the duty is a function of both normalized output

voltage and normalized power.
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The illustration in the Figure 3-9 consider and limits itself on the optimum mode
of the PRC. Hence, all of the descriptions above together with the representations
in Figures 3-8 and 3-9 are combined in the mathematical expression shown in the

equation 3.26.

f=F(%,p) d=F(D) (3.26)
Frequency and Duty at given values of output Voltage and Power
1 T T, ‘ 0.9
*
*

> 0.9 < mqbc’ncy. ¥ A 0.8
g ~~~ - - = at v =1.1 '.1-
o 0.8 =~ i te, 0.7
=) S~ at v = 1.7 L
o Ss o + ato = 1.7 ’.
[ ~ ~.Fre *
p= 0.7 < #USnsy . .é T Pmax 0.6
-U -~
GN) 0.6
T 0.5 C
£
o 0.4 o
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Figure 3-10: Hlustration of normalized frequency vs normalized power and duty vs

normalized power in presence of normalized voltage with the related behaviors

Figures 3-9 show that the power reaches its peak at each voltage level, with a given
frequency or duty, and then begins to diminish. The power as a function of frequency
and duty cycle is shown in Figure 3-10. The value of the power at point A is equal
to the value of the power at point B. On the other hand, point B occurs after the
maximum power point Pmax. Similarly, the power value at point C is the same
as the power value at point D. The point D is reached after reaching the maximum
power point Pmax. The design in place for power maximization at each frequency,
duty, and voltage level ignores power over the maximum level Pmax. Assuming
that the equation 3.26 is made of two polynomials for switching frequency and duty
respectively; the next step is to find their respective coefficients. This process will
result is a set of polynomials of ny}, order. The last have to be simple and make the

control philosophy to run the control topology in Figure 3-4 on DSC and in optimum
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Chapter 4 — The Polynomial Model of Resonant Converters: PRC and SRC

expression to the plot on which it is applied. In this case various fitting were tried and
cubic resulted in accurate fitting. Therefore, the equivalent polynomial expression is

of third order.

Table 4.6: The table illustrates various coefficients of different fittings on frequency

plots, at specific levels of voltage. a;: coefficients for frequency fitting.

<>

aQ aq a9 ag

1.0 0 0 -0.61102 1.222
1.1 -0.70602 1.9259 -2.2687 1.7354
1.2 -1.288 3.6637 -3.9182 2.2918
1.3 -1.3247 3.9212  -4.2784 2.4819
1.4 -1.5175 4.6649 -5.1259 2.8205

3.6 -0.59499 4.2475 -10.184 9.1596
3.7 -0.74666 5.5661 -13.909 12.606
3.8 -0.65556 4.9904 -12.737 11.858
3.9 -0.57735 4486 -11.689 11.175
4.0 -0.51036 4.0457 -10.758 10.559
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Table 4.7: The table illustrates various coefficients of different fittings on duty plots,
at specific levels of voltage. b;: coefficients for duty fitting.

¥ by by bo b

1.0 0 0 0.19449 0.11102
1.1 0.25389 -0.69256 0.81585 -0.07406
1.2 0.51726  -1.4713  1.5735 -0.32038
1.3 0.58838  -1.7417  1.9003 -0.45238
1.4 0.74316  -2.2865 2.5136 -0.68055

3.6 0.89738 -6.408  15.368  -12.018
3.7 11575 -8.6289  21.562  -17.693
3.8 1.048  -7.9784  20.364 -17.059
3.9 095176  -7.3958  19.273  -16.475
4.0 0.86674 -6.872  18.276  -15.935

The tables 4.6 and 4.7 contains the different coefficients of each polynomial per level
of output voltage. The a; are coefficients for frequency polynomial expression while b;
are those for duty polynomial expressions. The output voltage as a leading parameter
was posed to run from 1.0 to 4.0 with a constant step of 0.1. Therefore the tables
4.6 and 4.7 are summarized, the full tables, for further references and studies, are

detailed in Appendix A.

A

f(\A/, f)) = aof)3 + a1152 + asp + as (4.10)

for frequency and

d(¥,p) = bp® + bip® + bap + b (4.11)
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for duty.

4.3.2 B-Spline Application

The coefficients a; and b; in table 4.6 and 4.7 are polynomials too and functions of
normalized output voltage ¥. They are in the form illustrated in the equation 4.12.
Therefore, their respective coefficients are computed in turn. The data in tables 4.6
and 4.7 are graphically represented and Data fitting is applied as shown in Figure
4-5(a). However, Data fitting results into big outliers once applied to coefficients a;
and b; as in Figure 4-5(a), and it was immediately ignored. Therefore, an alternative
was to apply B-spline[115, 31, 14, 61]. The last is part of numerical analysis, which
is mostly applied in curve-fitting and numerical differentiation of data. By applying
B-spline on data in tables 4.6 and 4.7, the coefficients for polynomials a; and b; are
retrieved. The obtained coefficients are piece-wise linear at each output voltage level

as showed in Figure 4-5(b).

a, Plot with Data Fitting a, Plot with B-Spline

° ] s
0

-0.2 l aUrnhi_‘ -0.2 \ :0
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Figure 4-5: Illustration of ag plotting, Data fitting and B-Spline application.
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Table 4.8: This table shows the specific coeffiecients retrieved from the coefficients in

table 4.6 after B-spline.

<>

aQ a1 ao ag

o7 ) o A o9 9 a3 A3

1.0-1.2 -6.44 6.4193 18.319-18.287-16.536 15.924 5.349-4.1342
1.3-1.5 -1.59 0.73103 7.2865 -5.5462 -9.536 8.1538 4.222-3.0346
1.6 - 1.8 -0.675-0.27697 5.6585 -4.4915 -10.486 11.393 5.87 -6.306
1.9-2.0 -1.095 0.5737 8.328 -9.835-16.523 23.247 10.022 -14.362
2.1-2.2 2424 -6.4033 -9.185 24.994 11.445-32.488 -4.495 14.611
2.3-24-0.365 -0.3347 3.796 -3.17 -9.153 12.106 6.57-9.3089
2.5-2.6-1.393 2.477510.211 -20.46 -22.786 48.312 16.191 -34.545
2.7-281.5088 -5.0318 -7.101 24.405 10.879-39.025 -5.261 21.15
2.9 -3.01.4187 -5.0571 -7.191 26.411 11.834-45.351 -6.159 26.178
3.1-3.21.2073 -4.606 -6.409 25.243 11-45.349 -5.928 27.237
3.3-341.2193 -4.9297 -6.94 28.953 12.76-55.668 -7.38  35.5
3.5-3.60.8654 -3.7104 -5.133 22.726  9.82-45.536 -5.895 30.382
3.7-3.8 0911 -4.1174 -5.757 26.867 11.72-57.273 -7.48 40.282
3.9-4.00.6699  -3.19 -4.403 21.658  9.31-47.998 -6.16 35.199
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Table 4.9: This table shows the specific coeffiecients retrieved from the coefficients in

table 4.7 after B-spline.

by by b bs

<>

Bo o) B1 91 Ba P2 B3 93

1.0 - 1.2 2.5863 -2.5879-7.3565 7.3709 6.8951 -6.7233 -2.157 2.2782
1.3-1.5 1.4197 -1.253 -5.573 5.5074 6.9235 -7.1266 -2.8196 3.231
1.6 - 1.8 1.0212-0.84879 -5.669 6.4327 9.214-11.632 -4.713 6.5631
1.9-2.0 1.48 -1.7409 -8.867 12.589 15.965 -24.54 -9.087 14.889
2.1-2.2-14155 4.0245 4.987-15.045 -5.526 18.38 1.776-6.8231
23-24 0916 -1.06 -6.297 9.5256 13.015-21.959 -8.519 15.571
2.5-2.6 1.8546 -3.6424-12.615 26.522 27.025 -58.994 -18.648 42
2.7-28-1.2309 4.3582 5.429-20.312 -7.493 30.662 3.007-14.273
2.9-3.0-1.2665 4.7769 6.027-23.985 -8.97 38.931 3.906-19.616
3.1-3.2-1.1662 4.7107 5.796-24.789 -8.93 41.962 3.946 -21.928
3.3-34 -1.271 54262 6.787-30.625 -11.25 55.564  5.38 -31.26
3.5-3.6-0.9676 4.3807 5.378-25.769 -9.26 48.704  4.56 -28.434
3.7-3.8 -1.095  5.209 6.505-32.697 -11.98 65.888  6.34-41.151
3.9-4.0-0.8502 4.2675 5.238-27.824 -9.97 58.156 5.4 -37.535

The equations 3.26 results into two capital polynomial coefficients as follows, for

frequency and duty respectively:

ai(\A/) = oV + A and bi(\Af) = ﬁi\Af + ¢4 (4.12)

The equations 4.10 and 4.11 provide the frequency and duty that are able to run the
topology on Figure 3-4 in its optimum mode at a specified level of voltage, power and
load. Combining the equations 4.10, 4.11, and 4.12, the general equations 4.13 for
frequency and duty respectively are obtained. They can fit in any DSC and generate

the suitable control signals.
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£, ;) = Z aip; * and d(y,pj) = Z bipi i (4.13)

4.4 Conclusions

This chapter focused on the SRC and PRC, re-introduced their use in the respective
applications and their popularity. The steady-state model for each was re-instated
and their respective graphical representation were reminded. However, their respec-
tive control implementation was seen to have a possibility mostly on first harmonic
approach. To mitigate that drawback, the polynomial model was suggested. Through
the graphical representation of both topology, data fitting and B-spline numerical
method; the polynomial models for both SRC and PRC were developed. Their re-
spective expression were shown in this chapter. They facilitate to establish the right

SRC and PRC controls in an easy and simple way.
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5.1 Introduction

The polynomial model of SRC converter was developed and illustrated in details in
4.2. The related polynomial expressions are shown in equation 4.4, while, the general
expression is illustrated in the equation 4.9. The goal is to implement the obtained
polynomial model in a DSC; in order to do it, Matlab will be used. In this chapter,

the mentioned polynomial expressions are model and simulated in Simulink. The

115



Chapter 5 — The Modeling and Simulations of SRC

related models are shown in this chapter. The simulation results of the models are
also illustrated in this chapter. In order to build the control prototype, the DSC
with strong computational capability is needed. Therefore, the suitable DSC shall be
shown and its configuration to Simulink for quick programming is illustrated in this
chapter. The model-based programming is used to convert the Simulink model into

DSC suitable codes; this is shown as well in this chapter.

5.2 The Matlab Model of SRC

The topology in figure 3-2 represents the SRC power topology and the polynomial
expression in equation 4.9 represents the control side. Both control and power sides
of the SRC are modeled in Simulink and simulated. The figure 5-1 shows the model,
where the normalized power and normalized load help to determine the corresponding
normalized voltage and normalized initial resonant current. The last, in turn are
supplied to the polynomial block. The equation 4.8 and 4.8 are in detail scripted in
the polynomial blocks, in a cascaded way. The two cascaded blocks are illustrated
in figure 5-1, where first block (holding the script for the polynomial io) receives the
normalized values of power p and voltage ¥ and produce the corresponding normalized
initial resonant current I,. The last together with the normalized voltage ¥ are fed to
the second block (holding the script for the polynomial T) and provide the suitable
switching period. The last is obtained as a normalized value, and the normalized
switching frequency is retrieved from it following the equation 4.9. The obtained
switching period is hence supplied to the PWM generator block to give the suitable
switching signal at the correct frequency. Therefore, the switching signals control the

inverter and generated output is illustrated as in figure 5-2.
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Figure 5-1: The illustration of the Simulink topology of the SRC polynomial model

The figure 5-1 illustrated the polynomial model control of the SRC. The parameter
values in the table 5.1 are applied to the SRC as shown on the figure 2-18.
Table 5.1: The parameters used to simulate the SRC model in Simulink

Item value unit
Vin 100 V

Lg 34.232 uH
Cp 658.7 nF
Cy 30 uF
ZBase  7.209 Q
fRase 33.927 kHz

5.3 The simulation of SRC

The Simulink model was built based on parameters in the table 5.1 in Simulink to
run and validate the polynomial model on the simulation level. The control was done
following the model in the figure 5-1 and the parameters were normalized following
the equation 3.5. The SRC model is run in Simulink with the parameters shown in

the table 5.1 , and control program based on the values in the table 4.8. Since the
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obtained frequency value is above resonance, therefore the SRC polynomial model
tracks the steady-state model. Similarly, the polynomial model graphs illustrated in
figure 5-2 track the steady-state graphs shown in figure 3-2. The simulation results
are tabulated in table 5.2 and graphically illustrated on the figure 5-2.

Table 5.2: Illustration of the SRC simulation results

Item  Value

p  0.1000
QO 0.8824
¢ 0.2971
I, -0.7317
T  0.3858
f 25920

fsw 86 kHz
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Figure 5-2: The SRC inverter output Voltage and Current

5.4 The Simulink model: DSC implementation

This section focuses on the SRC control implementation in DSC. It considers the
polynomial model. The whole process was done in order to ease the control im-

plementation and eradicate the steady-state complexities. The conversion of SRC
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Simulink model into control program and fitting the same program into the DSC is

the major outcome of this section.

5.4.1 DSC Configuration

This subsection deals with the selection of the DSC in use and its configuration.
The Model-Based programming method as a quick fix and faster alternative is in-
troduction, the use of Simulink as model-based IDE is shown and the conversion of

model-based program into conventional program is elaborated.

5.4.1.1 The Use of TMS320F28335 DSC

Considering the complexity of the SRC conversion form Steady-state to polynomial
model; higher computational capability is crucial. Therefore DSC is required; and
this work takes the advantage of Texas Instrument (TT) TMS320F28335 DSC, which
belongs to the family of C2000. It is characterised by its high-performance static
CMOS technology, high-performance 32-bit CPU, fast interrupt response processing,
on-chip memory and many more advantages[101]. The F28335 is shown on figure 5-3
for visual representation. The PWM signals that control the inverter power electronic
switches are generated on TMS320F28335 Peripheral Explorer Kit through Matlab-
Simulink . The F28335 is usually programmed through Code Composer Studio (CCS)
development environment, which supports C or C++ language. Even though most
control engineers are familiar with the stated languages, they are time intensive and
prone to mistakes, making it difficult to code signals appropriately. Therefore, model-

based programming in Matlab-Simulink is used as a quick and reliable alternative.

5.4.1.2 The Model-Based Programming

It is referred to as "Data Flow Diagram" or "Model-based design'[1, 27]. The model
based programming is a mathematical and visual approach to solving issues in com-

plicated control, signal processing, and communication systems design. It has a
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Figure 5-3: Illustration of Texas Instrument (TI) TMS320F28335 DSC[101]

wide range of applications in motion control, industrial equipment, aerospace, and
automotive[27]. Model-based programming is known as a quick technique for creating
embedded softwares. It is quick fix and faster in building a control programs and not
prone to mistakes. It uses models to mimmick the behaviors of the control systems
envisaged. The model-based program is visual and sequential more than being logical
and structural. This makes it different to conventional pragramming methods, where
the projects get alot of delays dues to alot of time required in optimizing the pro-
gram. There is alot of IDE developed that are suitable to Model-based programming;;
Simulink included. This method of programming is convertable to the conventional

methods and the resulted program is able to fit the targeted micro-controller.

5.4.1.3 The TMS320F28335 Control Program

The entire control technique is written in Matlab-Simulink, and the PWM codes
for the F28335 are created subsequently. Configuring a Peripheral Kit for Matlab-
Simulink requires certain specific processes. Matlab-Simulink, as well as CCS, must
be installed on the PC, along with other essential add-ons such as "Embedded Coder,"
"Simulink Coder," and "Matlab Coder." Matlab R2021a with the specified Add-on, as
well as CCS 7.3.0, are installed on the PC in this situation. As a result, the target
hardware (TI Delfino F2833x) has been set up. The PWM codes are created and
downloaded to the TMS320F28335 Peripheral Explorer Kit using Simulink. CCS is
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used to obtain backup or other analysis codes in project form. The F28335 model-
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Figure 5-4: PWM code generation model in Simulink

based program considers the simulation control model in the figure 5-1 and modify it
in such a way to generate the control code suitable for F28335. Then, the modified
model is illustrated in the figure 5-4. The control model on the figure 5-1 shows
that the model needs two inputs in which one is external i.e normalized power p. In
order to have a sequence of tests, a number of external inputs to F28335 is required.
Then, the Hex-Encoder that can hold enough number of inputs is used. The Hex-
Encoder serves as an input to the DSC and it accepts 16 different combinations i.e.
it can enter 16 different inputs combinations on various steps. It is connected to four
general purpose input-outputs (GPIOs). Those are GPIO15, GPIO14 GPIO13 and
GPIO12 in order of most to least significant bit respectively. Using the look-up table
block in Simulink, the Hex-Encoder inputs 16 different power values. With the help
of the normalized load, the normalized voltage value is obtained. The normalized
power and normalized output voltage are the two inputs to generate the normalized
initial resonant current. The last is a polynomial expression as it is illustrated on
the equation 4.7. The normalized initial resonant current and the normalized output
voltage become the two inputs to the polynomial expression in the equation 4.8. It is
scripted in the polynomial block to generate the normalized switching period T. The
last is converted into the period T following the expression in the equation 5.1 and
fed to both ePWM1 and ePWM2 at input "T" for PWM signal generation for both
converter legs. A half of the period is fed to both ePWM1 and ePWM2 on inputs
"WA" and "WB' to maintain 50% duty cycle for each switching signal. The PWM

121



Chapter 5 — The Modeling and Simulations of SRC

switching signals are created at an appropriate frequency. The first leg’s switching
signal is output by the ePMW1A and ePWMI1B, while the second leg’s switching
signal is output by the ePWM2A and ePWM2B.

feox
— 5.1
2 * fow (5-1)

From the equation 5.1; T is the period, f. is the F28335 maximum DSC clock

frequency and fgy is the switching frequency.

5.5 Conclusions

This chapter springs from the previous chapters of this work. The SRC is considered in
both the steady-state and polynomial models, as a process towards the reliable, quick
and easy control of serial resonant converters. The SRC was simulated in Simulink
and results were illustrated in this chapter. The model-based programming as quick
fix, faster and not prone to mistake programming method was illustrated. The model
was configured to fit F28335 DSC, the control program was built using Simulink
models and the control codes were generated and loaded to the DSC appropriately.
The PWM signal were generated from the DSC as it was expected.
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6.6 Conclusions . . . . . . . 148

6.1 Introduction

As introduced in the section 2.4, the "ON" and "OFF" nature of power electronics
switches require that the switching signals be digital. The flexibility and compu-
tational capability lead to the use of Digital Signal Controllers (DSC)[12]. For the
prediction of system outcome in real sens, the modeling and simulation is key. There-
fore, in this chapter, the PRC shall be modeled and simulated using Simulink. The
PRC polynomial mode illustrated in 3.3 shall be modeled and simulated for a val-
idation, and gateway for practical implementation. The simulation results shall be
shown in this chapter. Using Simulink, the model shall be used to generate the con-
trol code for DSC i.e. F28335 micro-controller. The control of the PRC using FPGA
shall be discussed in this chapter. The closed-loop control using Fuzzy logic shall be

illustrated, and the respective simulation results shall be indicated.

6.2 The Matlab Model of PRC

In order to validate the polynomials shown in equation 4.13. The model in Figure.3-4
was built in Matlab-Simulink R2021a. The polynomials were applied to the mentioned
model to confirm the optimum mode of operation. The model validation considers
output voltage and power as independent variables, while the switching frequency
and duty are dependent. The last is illustrated in the equation 4.13. Each level of
output voltage and power corresponds not only frequency and duty but also the load.
Hence the load is dynamic in this case and governed by the equation 6.1, which is
a polynomial in turn. The control model was build in Matlab-Simulink as well. It
is made of Matlab function block to hold the equation 4.13. This block accepts two
inputs (normalized output voltage and normalized power) and generate two outputs

(normalized frequency and duty). The two last outputs are used to obtain the required
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period and phase shift that run the PWM generator. The last in turn, generates the
switching signals that runs the IGBTs on the model in the Figure 3-4. The control
model is illustrated in both Figures 6-1 and 6-2. Both the power and control model are
run in Matlab-Simulink for validation of the polynomials, before going for practical

implementation.

(= F(%:, ;) (6.1)

Practically, the load is not always variable; it is fixed in most of the case. Therefore,
the simulation will be done in two ways: Two inputs model simulation and One input

model simulation.

6.2.1 Two inputs model Simulations

The normalized output voltage and normalized output power are the capital. They
make the independent variables to the polynomials in equation 4.13. Hence, they are
the two inputs to the model in figure 6-1. They are fed to the polynomials’ block.
The last holds the equations 4.13; they are written in the form of control codes with
the necessary protection and generate from them the necessary duty and frequency.
The frequency is converted into equivalent period and it is feed to PWM generator
for PWM signal generation. The duty is used to calculate the shifting time, this is
fed to phase shift block and help to generate the phase-shifted PWM signals.

Control Model ol 1]
Frequency PWM \
Normalized Normalized Frequency PWM Duty Generator
Voltage > <Vnorm 0.6157 2.064e+04] s I
5 o
i L —
v i e [ ‘ y u ‘ y o
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»lp fon  djm  Frequency Period | I | In
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Figure 6-1: Illustration of Simulink model with normalized voltage and normalized

power as inputs
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Q= (6.2)

'U>| <1:3

The normalized load at each level of voltage and power is given by the equation
6.2. The simulation component values used in the simulation are from the prototype
components values. They are indicated in the table 6.1.

Table 6.1: The parameters used to simulate the model in figure 6-1 with variable load

Item value unit
Vin 100 V

Lg 34.232 uH
Cp 658.7 nF
Cy 30 uF
ZBase 7209 €
fRase 33.927 kHz

Inverter Voltage and Current

V=100 F—0.0088 dl= 0.3566 | ‘
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Figure 6-2: The voltage and current output of the converter with Normalized output

voltage and normalized power as inputs

The equations 4.10 and 4.11 were simulated in Simulink. The parameters in table 6.1

were used.
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Table 6.2: Simulation parameters and results of the PRC in two inputs case

Parameters Results
Item | Value Item | Value
Vi, | 100V f 0.9086
Vout | 250V d 0.3566
¥ 2.5 Q 3.412
p 1.831775

If the parameters in the table 6.2 are considered, then the required frequency and
duty are obtained by applying the equations 4.10 and 4.11 on the model in figure
7-1. The frequency f = 0.9086 and the duty d = 0.3566 were obtained and applied in
Simulink model. The load value is given by the equation 6.2 and the value QO = 3.412.
The results of the simulation are shown in the figure 6-2 and in the table 6.2. In this
case, the optimum mode is fulfilled along the domain of the functions in equation

4.13.

6.2.2 One input model Simulations

In this case, the load is constant. Any change in the output power results in a
different level of output voltage. The power is the only input to the control model,
the corresponding voltage is illustrated with respect to the fixed load. Except having

one input, the rest of the model component fit model description in subsection 6.2.1
Control Model ™
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Figure 6-3: One input Simulink control model
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Therefore, having the load as fixed parameter and the power as an input, the corre-

sponding voltage is given by the equation 6.3.

<>
I
Lo}
*
ol
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Ko

And the simulation parameters are given in the table 6.1.
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Figure 6-4: Inverter voltage, Current and power at fixed load

The power and the load are p = 0.7819 and Q) =1.387 respectively; hence, the voltage
is v = 1.0414. In this case the frequency and duty are f = 0.76827 and d = 0.2625
respectively as shown in the table 6.3.

Table 6.3: Simulation parameters and results of the PRC in single input case

Parameters Results

Item | Value Item | Value

Vi, | 100V f 0.76827

QO 1.387 d 0.2625

1.0414 | | Vout | 104V

<>

0.7819

o)
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The Figure 6-4 displays the simulation results. In case of fixed load, the optimum
mode is fulfilled at a fixed range of voltage. Hence, Q = 1.387 runs from ¢ = 1.00664
to ¥ = 1.441706.

6.3 The Simulink model: DSC implementation

This section illustrates the implementation of the PRC control on the DSC using
Simulink as an IDE. The PRC polynomial model built in Simulink is shown in this
section. The same model holds the control of the PRC and will be used to generate
the control program that fits the DSC of choice. Therefore, the configuration of the
DSC to Simulink will be done in this section. The complete conversion of Simulink
model into DSC C/C++ codes will be indicated and various inputs and outputs on
DSC hardware will be shown.

6.3.1 DSC Configuration

Due to aforementioned operations, the indicated controls can not be easily imple-
mented. The DCS is key, as it is has the computational capability; this work will take
the advantage of Texas Instrument (TI) DSC. The last is a TMS320F28335 Periph-
eral Explorer Kit with high-performance static CMOS technology, high-performance
32-bit CPU, fast inturrupt response processing, on-chip memory and many more
advantages[39]. The shifted Pulse Width Modulation (PWM) switching signals were
generated on TMS320F28335 Peripheral Explorer Kit using Matlab-Simulink. In fact,
the TMS320F28335 is a Texas Instrument Micro-controller, programmed through
Code Composer Studio development environment (CCS). The CCS supports C or
C++ language. Even if it is common to most of control engineers, the mentioned
languages are time consuming and subjected to several errors; hence it is tiresome
to code the signals accurately. However, those challenges are responded to by using
model based programming through Matlab-Simulink. The complete control algo-
rithm is done in Matlab-Simulink and later on, the PWM codes for the F28335 are

generated. Some necessary steps are crucial to configure a Peripheral Kit to Matlab-
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Simulink. Matlab-Simulink with some necessary adds-on like : "Embedded Coder",
"Simulink Coder" and "Matlab Coder" together with CCS have to be installed on the
PC. In this case, Matlab R2021a with the mentioned Adds-on, together with CCS
7.3.0 are installed on the PC. Hence, the target hardware (TI Delfino F2833x) is
configured. The model is built in Simulink through which the PWM codes are gener-
ated and downloaded to TMS320F28335 Peripheral Explorer Kit. The last is visually
illustrated on the figure 5-3, and the model for the code generation is shown on the
figure 6-5. The last is based on single input configuration as shown in section 6.2.2
and on figure 6-3. In this case, the single input is the normalized power p, which is
the only external input. and the normalized load Q, which is internal. The in order to
test a sequence o scenarios, the Hex-Enc (hex-encoder), with its capability to input
16 values is used. The complete process of the Hex-Enc use in shown in the section
5.4.1.3. The look-up table from simulink help to hold the 16 power values. The last
are fed to the PRC polynomial script block. The computed normalized output voltage
is fed to the same block too. Therefore, the suitable normalized frequency f and duty
d are obtained. From the normalized frequency, the switching period is obtained.
The duty together with the switching period are fed to the PWM generator in order
to generate the suitable switching signal. The complete block shown on the figure
6-5 is used as the model that generates the codes for F28335. The codes for back-up
or any other analysis are retrieved in project form through CCS. The equations 4.13
is programmed in the F28335 using Matlab function block. They are quick and fast
response polynomials. In the same coding is included the protection of the system,

in case of mistake in entering values.
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Figure 6-5: PWM Generation Model in Simulink

The Figure 6-5 mentions the model-based program to generate PWM for control
purpose. The Hex-Encoder on the F28335 serves as input, as it accepts 16 inputs
at different input steps. The Hex-Encoder is linked to four general purpose input-
outputs (GPIO). The last are GPIO15, GPIO14 GPIO13 and GPIO12 in order of
most to least significant bit respectively. They input 16 different values of power with
the help of lookup table. Taking into consideration the fixed load, the equation6.3
gives the voltage. Both voltage and power are fed to polynomial block. The last hosts
the equation 4.13 related codes. They generate in turn the corresponding frequency
and duty. The frequency is converted to the corresponding period according to the
equation 6.4. The period is fed to both ePWM1 and ePWM2 at input "T" for PWM
signal generation for both converter legs. A half of the period is fed to both ePWM1
and ePWM2 on inputs "WA" and "WB" to maintain 50% duty cycle for each switch-
ing signal. The product of period and duty gives the adequate time-shift between
the converter legs and it is fed to ePWM2 on input "PHS". The PWM switching
signals at adequate frequency with the necessary duty shifting are generated. The
ePMWI1A and ePWMI1B output the switching signal for the first leg while ePWM2A
and ePWM2B give the shifted switching signal for the second leg.

fdk (64)

:2*fSW

From the equation 6.4; T is the period, f.j is the F28335 maximum clock frequency
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and fgy is the switching frequency.

6.4 The Resonant converter controls: FPGA im-

plementation

Switching-frequency resolution and computational speed are limited in conventional
digital controllers. In high frequency resonant converters, this produces in a huge out-
put voltage ripple and poor dynamic performance with small control bandwidth|[77].
For the switching -frequency resolution and dynamic performance improvement, the
Field Programmable Gate Array (FPGA) is the best alternative for resonant con-
verter controls. A variety of industrial fields today demand high power density and
high power quality Power Converters in order to minimize size without sacrificing
performance|39, , 52, 42]. The power density of the switch mode power supply
can be improved by operations on high frequency. The Digital Signal Controller
(DSC) has been playing a drastic role in converter controls, in various fields of ap-
plications. Since, the DSC is resistant to noise, it is able to implement complex
algorithms and less affected by the environmental conditions. The high switching
frequency improves the dynamic response in increasing the crossover frequency of the
loop gain[77]. However, DSC is limited on switching frequency resolution and causes
ripples in the output voltage and disturbances in current[31]. Additionally the DSC
is limited on computational speed; it causes the delay in high frequency switching,
which hinders the dynamic performance of the converter[71, 11, 7]. Various research
activities were carried out to lift the DSC switching resolution limitations; however
it was in vain for dynamic performance due to limited computational speed of the
controller[77]. Different control methods were proposed to the dynamic performance
and stability. The delay effect was taken into account while analyzing the dynamic
response. As a result, the control algorithm was developed to boost dynamic per-
formance. This approach, however, was unable to maintain the needed switching

frequency resolution. It indicates that the two proposed solutions could not simul-
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taneously overcome the switching frequency resolution limitation and the dynamic
response. Compared to the conventional DSP, the FPGA controller is capable of im-
proving both switching frequency resolution and dynamic performance. The FPGA
controller uses its fast computation and intrinsic parallelism|[77]. The FPGA is flexi-
ble in terms of bit width to optimize the digital computations. Hence, it is the major
reason of using the FPGA controller to generate the switching PWM signals for PRC

in this section.

6.4.1 Model-Based FPGA programming

The polynomial mode tackled in 4.3 is concluded in the equation 4.13. The same equa-
tion is scripted in Matlab, and used to generate the program suitable to a conroller
in use. For this case the FPGA is used as a controller. The control program seems
sophisticated so that it is time consumming and tiresome to complete the task. Pro-
gramming complex embedded systems entails deducing complex system interactions
via routes that connect input, outputs and control processors. It is a process that
consumes time and error-prone. Hence, the resulting program lacks modularity and
robustness. The Model-based programming overcomes these drawbacks by allowing
engineers to program by defining high-level control techniques and putting together
common-sense models of the system hardware and software. Model-based executives
reason about the models "on the fly" to track system state, diagnose defects, and un-
dertake re-configurations in order to implement a control plan[l058]. Simulink is the
integrated development environment (IDE) of choice for this work. The model-based
program is built up of Simulink blocks that control the program’s logic flow. The
same blocks are compartible with both FPGA verilog and VHDL scripts. As a result,
they may be easily converted to verilog or VHDL. The equation 4.13 is modeled in
Simulink in this section, and the FPGA is configured on it. The model is then trans-
lated to VHDL and fed into the FPGA to generate the PRC power switch control

signals.
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6.4.2 FPGA configuration to Simulink

The "Arrow DECA Max 10" FPGA is used in this work. It is an Intel FPGA board,
appears in the package that is supported by HDL coded add-on of Simulink.

LEDs

Figure 6-6: The Arrow DECA Max 10 FPGA

The figure 6-6 illustrates the Arrow DECA Max 10 FPGA Evaluation Kit. It is
an Intel FPGA, with ALtera as an IDE. It is an "[P Core Generation Hardware",
with "Altera Quartus II"(Altera Quartus II refers to the synthesis tool Intel Quartus
Prime). Matlab-Simulink with "HDL coder" must be installed since the model-based
programming language of Simulink will be utilized to code the FPGA. The "Al-
tera Quartus II" must also be installed on the computer. The following are the key
prerequisites for configuring the "Arrow DECA MAX 10 FPGA" Evaluation Kit on
Matlab-Simulink[65]:

1. Intel Quartus Prime

2. Arrow DECA MAX 10 FPGA evaluation kit

3. HDL Coder Support Package for Intel FPGA Boards

4. HDL Verifier Support Package for Intel FPGA Boards (Optional)

5. HDL Coder Support Package for Intel SoC Devices (Optional: To integrate the

IP core into your own custom reference design.)
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Hence, Simulink is ready to generate code for FPGA. In the same breath, the Simulink
model is built and verified for compatibility through "HDL Verifier'. Once the hard-
ware controller is connected, the "IP Core Workflow" is run and go through the
verifications process illustrated in the figure 6-7 (a), (b) and (c). If all of the process
have passed, the program is created and loaded to the FPGA. The same program can

be retrieved from the link shown on figure 6-7 (c).

MMMMMMMMMM

(2) . (b)

§:0000;0000" :

(©

Figure 6-7: Illustration of the steps to generated the FPGA program from the
Simulink Model[68]

6.4.3 Implementation in FPGA of the direct calculation of

the Frequency and Duty-Cycle

Based on the polynomials obtained from the PRC (and SRC) equations, a VHDL
program has been developed for an FPGA that calculates these parameters, in float-
ing point and without the use of a processor. It is necessary to remember that it is
possible to implement a micro-controller in an FPGA (NIOS II in the case of AL-
TERA/INTEL) with which the calculations of the polynomials would be immediate,

since the said calculation are implemented in C language and executed by a CPU. It
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is the same as if those calculations are implemented directly from Matlab. i.e. they
are implemented in microprocessor, which does not differ so much from the previ-
ous method. Even if it is possible, but in order to take an advantage of FPGAs,
is much better implement the algorithm directly in hardware. In the case at hand,
it is decided to calculate these parameters by lowering the level and considering the
operations in floating point and adjusting so that it does not overflow. Let’s see the
procedure for obtaining the frequency (duty is exactly the same), but before that, it

is better to first understand how the numbers are stored. Fixed-comma:

I [ [ [ [ [[TTTTTIITIT]

31 0

(
AlH AlL

Figure 6-8: Illustration of how numbers are stored in memory.

The complete memory on the figure 6-8 is 32 bits, 16 bits for the integer part, 16 for

the decimal. For instance:

1 6,44= 000670A3_{H}

2 —6,44 => FFFF FFFF_{H} - O000670A3_{H}=FFF9 8F5C_{H}

A1l complement for negative numbers

1 000670A3_{H}= 6%1670 +7+x16"-140x16"-2+3%16"-3 = 6.438_{d}

FFFI8F5Cy it is negative so FFFFFFFFy — FFFISF5CH = 000670A3g this last is
the module. Therefore, the procedure for obtaining the frequency on constant duty

is as follows:

- Selection of the Ajj coefficients.
These coefficients depend on the voltage and power to be handled by the con-
verter. Fach coefficient Aij will be stored in a memory, in 32-bit fixed point
format, with four hexadecimal digits for the integer part and four for the decimal

part.
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1 Function[f,d]=fcn (v, p)
2 if(v>1)&& (v<1.2)\&\& (0.560354057<p&&p <1.948584073)
3 al=6.44%v+6.4193

These coeflicients Aij are the coefficients that allow obtaining the A;

- Calculation of Aj;:
In this part, the calculations are made in floating point and a proprietary algo-
rithm is developed, which anticipates overflows, and adjusts the value obtained
to the range we have. For example, let’s see how the product -6.44 * V is ob-
tained. The digits are separated into their integer part and decimal part, A1TH
and A1L for the coef. A11, (which in this case is -6.44 and VH and VL for the

voltage V:

1 AlH:= (Al11/65536);

2 AlL:= (Al11-Al1H%65536);
3 VH:=(volt/65536) ;

4 VL:=(volt-VH*655306) ;

Once the values have been obtained, the operation is performed by adjusting the
weight of each operand, conveniently shifting to be able to perform the addition and
pre-adjusting the values of VL and A1L so that the result of the multiplication does

not overflow:

1 hl:=((A1H*65536) «*VH+ (A1L*VH) + (A1H*VL)+ ( ((A1L/2)* (VL/2))/16384))+Al2

To the previous result, the term A12 is added, (in our case, it would be 6.4193) and
we obtain the result of the coefficient A1. The following operations are implemented
in a block whose output is, as has been said, the coefficients Ai. The error obtained
is always less than 0.4. The graph on the figure 6-9 shows the simulation for voltage

values of 1.15, 1.11, 1.18. The coefficients Ai are represented by hi.

137




Chapter 6 — The Modeling and Simulations of PRC

@ simulati form Editor - H:/D 1 is/p inomios - polinomios - [polinomios_20220426112804.sim.vwf (Read-Only)] - o X
Fle Edt Vew Smiaton Hep [eacrateracom @
&a@&aaﬁ@%@@@@ﬁqﬂa%
Master Time Bar: « | [+ | ponter: [s2.39us Interval: [52.39us | start: [ | end: [ ]
s ps 5.12us 10.24us 15.36us 20.48us 256us 30.72us 35.84us 40.9us 46.08us SL2us 56.32us 6L44us 66.56us 7L6Bus 76.8us BLI2us 87.04us 92.16us 97.28us
bt 0ps Ops
5 & 80 i Liiiiii] biiiiiiid IBEERSSE INRERERY
B > Aan HFFFI8FSC FFFO8FSC -
B > A H 00066843 00066843 }
% > Aan H 00125149 00125149 )]
B > a2 H FFEDB687 FFEDB687 }
B > a3 HFFEF76C8 FFEF76C8 )
B > AR H 000FECS8 000FECES. )i
- U1 H 00055958 00055958 7
B > A% H FFFBDDB2 FFFBDDB2 )
B > volt H00012646 00012646 X 00011C19 X 00012614 X 00000000 )
% > m HX0000000¢ 80000001 X FFFFO424 ) § FFFF45AD D & FFFEDIEL X oooeeee3
M 5 h HX0000000¢ 80000001 K 0002C551 X 00020AE8 b ¢ 00035444 ) =
M > n H X0000000¢ 80000001 X FFFCEATD ) € FFFD9285 h 4 FFFC6961 X ooorecss
M > he HX0000000¢ 80000001 X 000203C3 X 0001CD5S X 00022082 )

Figure 6-9: The illustration of results for v=1.15, 1.11 and 1.18

The next step is to obtain the squared and cubed values for the power; Analogously

to the previous case, the square and cube blocks are implemented:
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Figure 6-10: Illustration of results: (a) cubic block and (b) Square block

The next step is to obtain the different terms of the final polynomial of the frequency:

1 f =alx (pxp*p) +talx* (p*p) ta3xp+a4;

To do this, once the cube, the square and the Ai coefficients have been obtained, it is
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necessary to multiply two terms (A1l x P3, for example), and finally, the sum of all of
them. These processes must be carried out in sequence, that is, the final sum cannot
be carried out without having previously obtained the different coefficients. To do
this, it is necessary to implement a clock signal generator, which allows the different

blocks to be activated synchronously from a single pattern:
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Figure 6-11: Hlustration of precise clock signals generation

Generation of the precise clock signals. Note: It is possible to reduce the number of
steps, since square and cube can be simultaneously with the Ai. The following figure

shows the general scheme:
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Figure 6-12: Illustration of FPGA complete model in Altera. The codes for various

blocks shown in this figure are detailed in Appendix D

Calculation in this way has many advantages: Only three clock cycles are necessary,
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which if we start from a 50 MHz clock allows us to work at very high frequencies,
more than necessary. If this calculation is implemented with a micro-controller, we
would not be able to reach very high frequencies. On the other hand, the area of
the FPGA is reduced and it is possible to use said FPGA for other tasks, such as

including a micro-controller for user interface, etc.

6.5 The Fuzzy closed loop control of PRC

Since there are many different types of resonant converters, each with its own set of
benefits such as high frequency range power switches and low switching losses|111], the
PRC-LCC resonant converter, which combines the benefits of both series and parallel
resonant converters, is gaining a lot of attention in DC-DC converter applications[25,

, 60]. In order to maximize the operating windows, the modeling of the reso-
nant converter is done through normalized value[25, 67]. The PRC-LC configura-
tion maximizes the efficiency through varying the switching frequency and the duty
cycle[25, 65, 78, 67]. In this case the Power transfer is controlled by two dependent
parameter i.e. frequency and duty cycle. Steady state and dynamic model were
discussed in various research works[1 11, 83, 102]. Most of the resonant converter con-
trols are open loop, only few research works show the closed loop cases[60]. And those
works which are closed-loop, mostly consider one parameter; either frequency or Duty
to predict the output voltage and power. For instance, the closed-loop power control
of the resonant converter power transfer is detailed in [10], taking care of frequency
only. In this case the frequency is a function of power and current. This work tackles
the closed-loop control on the PRC polynomial model. As the Polynomial model de-
scribed in this work considers two control parameters i.e. frequency and duty cycle,
the Fuzzy closed-loop control is the best option. Therefore, this section details the
Fuzzy closed-loop control of the PRC polynomial model. Reminding that the poly-
nomial model indicated in this work considers only the optimum mode as shown in
3.3.3.3. The Fuzzy closed-loop control model of the PRC is built in Simulink and it is

limited to simulations with the aim to show that this option is possible and feasible

140



Chapter 6 — The Modeling and Simulations of PRC

for implementation.

6.5.1 Fuzzy Control overview

In contrast to classical or digital logic, which operates on discrete values of 1 or 0, a
fuzzy control system analyzes analog input data in terms of logical variables that take
on continuous values between 0 and 1. (false or true, respectively)[57, 98]. Fuzzy logic
is widely used in machine control. The word "fuzzy" alludes to the fact that the logic
involved may deal with ideas that are "partially true" rather than "true" or 'false."
Fuzzy controllers are conceptually quite simple. They are made up of three stages:
input, processing, and output. Sensor or other inputs, such as switches, thumb-
wheels, and so on, are mapped to the proper membership functions and truth values
at the input stage. In a fuzzy control system, the input variables are often mapped
by sets of membership functions that are similar to this, referred to as "fuzzy sets."
Fuzzification is the process of transforming a crisp input value to a fuzzy one. Two
fuzzy systems, one for incorrect heading angle and the other for velocity control, were
designed using the fuzzy logic technique. The processing step calls each relevant rule
and generates a result for each, before combining the results. Finally, at the output

step, the combined result is converted back into a specified control output value.

6.5.1.1 Membership function

The indicator function for classical sets is an extension of the membership function
for fuzzy sets. It reflects the degree of truth as an extension of valuation in fuzzy
logic. Although they are conceptually similar, degrees of truth and probabilities are
sometimes misconstrued because fuzzy truth refers to membership in ill-defined sets
rather than the possibility of a certain occurrence or situation[l 16, 35]. There are
various types of membership functions namely: Singleton, triangular, trapezoidal,

gaussian and generalized bell shaped membership function[19].

141



Chapter 6 — The Modeling and Simulations of PRC

6.5.2 Fuzzy closed-loop control of PRC polynomial model

As indicated in section 3.3 PRC is complex systems as far as control is concerned. To
design the suitable control is a sophisticated process. Hence, fuzzy control methods
and algorithms are the saving-grace alternative[53]. Fuzzy controls are particularly
designed for non-linear dynamic systems with many inputs and outputs .i.e. sig-
nificant level of complexity. The exact mathematical model in this case is almost
impossible. The number and form of fuzzy sets used for dividing the computational
domain of input and output signals, the operators for realizing fuzzy operations such
as sum, product, and negation, the conclusion algorithm, and the function for comput-
ing numerical values of output signals are all characteristics of fuzzy controllers[30)].
The polynomial model indicated in 4 and illustrated in equations 4.13 has two inputs
(¥ and p) and two outputs (f and d). The two outputs are polynomically expressed.
Hence, the fuzzy controller is suitable for this scenario as it accepts both more inputs

and outputs. For simplification purposes, the model will be simulated in Simulink.

6.5.2.1 Structure of the Fuzzy Logic Controller (FLC)

The fuzzy logic controller (FLC) consists of two inputs and two outputs. The inputs
are input voltage error ¢ (n) and the rate of change of error Ae (n) at n instant as
illustrated in equations 6.5 and 6.6. The outputs are f and d, which are normalized

switching frequency and duty respectively.

e(n) = Vg~V (6.5)

Ae(n)=e(n)-e(n—-1) (6.6)

With, ¥, ¥,..¢ and e (n — 1) are normalized output voltage, reference normalized output

voltage and voltage error at (n— l)th instant respectively.
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Figure 6-13: The illustration of fuzzy controller structure
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Figure 6-14: The illustration of fuzzification and defuzzification process

6.5.2.2 Control Setting

It is a closed loop control that regulate the output voltage at a given level of command
i.e. the output voltage is automatically regulated to a desired level regardless of the
changes in the input voltage. As the load in mostly constant in several cases, then
fixing the value of the voltage at a certain number induces the power transfer to
be constant. Therefore the switching frequency and the duty cycle are constant too.
The change in power transfer will occur only when there is a change in output voltage
command. On the other hand, at a given level of the load, there is a maximum power
transfer limit, this imposes the limit on the change in the output voltage. The fuzzy
control in this case follows the change in error between the command and the actual
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