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of Îo from –0.10 to –0.18. . . . . . . . . . . . . . . . . . . . . . . . . . 198

B.6 Period vs Normalized output voltage v̂ from 0.80 to 0.95 in Presence
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of Îo from –0.73 to –0.80. . . . . . . . . . . . . . . . . . . . . . . . . . 220

B.28 Coefficients of resulted equivalent polynomials by Data Fitting appli-

cation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 221

B.29 Coefficients of resulted equivalent polynomials by Data Fitting appli-

cation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 222

B.30 Simulation and Practical Test results of the SRC code Model. . . . . 223

B.31 Normalized Power p̂ vs Normalized initial resonant current Î0 in pres-
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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

32



Chapter 1 – The Outline of the Research, Objectives, Methodology and Structure

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:

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

Industrial.

• The review on the use of resonant converters in the High voltage applications.

• 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.

• 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.

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

opment and improvements.

33



Chapter 1 – The Outline of the Research, Objectives, Methodology and Structure

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 investigación

Este doctorado La tesis se enmarca en el ámbito de la ingeniería eléctrica, concreta-

mente en las disciplinas de electrónica industrial, electrónica de potencia y sistemas

de control. Los desarrollos recientes en convertidores de potencia, conversión de en-

ergía, con avances en estrategias y sistemas de control están liderando una revolución
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tecnológica para mejorar el crecimiento de la aplicación de CC de alto voltaje. Este

concepto se basa en el uso de varias estrategias de control y topologías aplicadas a

varios convertidores de energía de electrónica de potencia para generar alta tensión.

El alto voltaje previsto está en el nivel de decenas de kilovoltios. Por lo tanto, la

densidad de energía, la eficiencia del sistema y la topología de control confiable y

simple son los principales enfoques de este trabajo.

Se desarrollaron un par de convertidores para proporcionar tensión de salida de CC

para diversas aplicaciones, y muy diferentes: Alta tensión (HV) y Transformador

de potencia inalámbrico (WPT). En lo que respecta a los convertidores HV, con el

drástico aumento de las aplicaciones de CC de alta tensión, el uso de convertidores

resonantes ha experimentado un crecimiento radical. Hay varias topologías adecuadas

de los convertidores resonantes, dependiendo de la aplicación, el nivel de voltaje de

salida requerido y las estrategias de control previstas. Este trabajo considera las

topologías 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 mínimas, confiabilidad y densidad de en-

ergía, permitir diferentes estrategias de control y una mayor amplitud de aplicación.

Teniendo en cuenta los diferentes controladores digitales, es interesante considerar el

control digital. En este trabajo se propone una metodología para implementar el con-

trol del convertidor, basada en un modelo simplificado en controladores digitales. El

PRC y el SRC serán modelados y analizados en este trabajo. Se mostrará el modelo

de estado estacionario, se esbozarán sus ventajas y se detallarán sus complejidades

en cuanto a la construcción de las estrategias de control. Para facilitar el control

y la implementación 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 simulación e implementación

práctica. 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 lógica difusa. En trabajos futuros se considerarán más
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propuestas de bucle cerrado y un análisis profundo y el uso de circuitos de matriz de

puertas.

Para lograr este objetivo crucial, los objetivos planteados se establecieron en la sigu-

iente sección. Luego se discute la metodología para el cumplimiento de los objetivos

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

1.2 Los objetivos de la investigación

Para cumplir con los objetivos principales de este trabajo, es necesario señalar una

serie de objetivos. Dichos objetivos serán rastreados a lo largo de los capítulos y

sus respectivos logros serán evaluados al final de este trabajo. Los siguientes son los

objetivos:

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

médicos y industriales.

• La revisión sobre el uso de convertidores resonantes en las aplicaciones de alto

voltaje.

• Identificación y definición de las topologías de estudio.

• Modelado de estado estacionario y esquema de los puntos de operación y control.

• Modelado polinomial de la topología de estudio y estudio de control de bucle

abierto.

• Implementación de los modelos en los circuitos programables.

• Proponiendo la opción de control en lazo cerrado para el gran desempeño del

modelo.

• Establecimiento de la metodología de diseño para la validación e implementación

de la solución propuesta.

• Validación de las soluciones propuestas a través de las simulaciones y pruebas

experimentales en prototipos de laboratorio.
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• Análisis crítico de los resultados, conclusiones y establecimiento de futuros de-

sarrollos y mejoras.

1.3 La Metodología de la Investigación

La metodología establecida parte de la revisión de soluciones punteras para la imple-

mentación 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 topologías

de conversión de energía involucradas, los desafíos potenciales y las tecnologías apli-

cadas en términos de control, métodos de control y estrategias. Se realiza la com-

paración de las tecnologías, topologías y estrategias de control con el fin de trazar las

bases de la investigación a realizar. El desempeño de las bases se evalúa en todos los

modos de operación, condiciones y estrategias de control. Se analizarán y destacarán

los inconvenientes y limitaciones de dichas bases y se propondrán alternativas como

medidas de mitigación. El desempeño de la comparación crítica de las soluciones

propuestas contra las bases será ilustrado por esta metodología. Por tanto, se llevará

a cabo el procedimiento de diseño, condiciones establecidas y restricciones, tanto de

las bases como de las soluciones propuestas. Los métodos de diseño se valorizarán

mediante la evaluación del rendimiento del sistema mediante simulaciones y resulta-

dos experimentales a partir de un prototipo de laboratorio. Al final, se realizará el

análisis de los resultados y se extraerán las conclusiones derivadas de la investigación.

1.4 La estructura de la tesis

Para cumplir con los objetivos planteados en este trabajo, a continuación se muestra

la estructura de esta tesis.

Capítulo 2 presenta la Alta Tensión CC, la aplicación y la tecnología objetivo, la

identificación de la topología y su comparación con el resto de topologías del mismo

ámbito. Se describen el desafío y las lagunas de la tecnología de aplicación elegida

y las topologías 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 hipótesis de la tesis.

Capítulo 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 capítulo se detalla el modelo de estado estacionario para ambas topologías y

se describen las estrategias de control relacionadas. Sin embargo, debido a las comple-

jidades de ambas topologías; las representaciones gráficas se utilizan para una mejor

comprensión y construcción del diseño de control. En este capítulo se indicaron varios

modos de funcionamiento y se utilizan valores normalizados para evitar limitaciones

en el intervalo de funcionamiento.

Capítulo 4 Se muestra el modelo polinomial para el convertidor SRC y PRC. Esto

viene como una solución para ilustrar mejor el control del convertidor; principalmente

cuando se usan microcontroladores pequeños. En este capítulo se ilustra la conversión

de datos gráficos en polinomios mediante el análisis numérico como Ajuste de datos

y B-spline. Las ecuaciones generales del modelo polinomial para ambas topologías de

convertidores se ilustran en este capítulo.

Capítulo 5 y Capítulo 6 muestran modelos y simulaciones de SRC y PRC re-

spectivamente en Simulink. Los modelos para ambas topologías se construyeron en

Simulink y se simularon con fines de validación. Los modelos de Simulink se realizaron

para cada una de las topologías y el DSC (F28335) y FPGA (Arrow Deca Max 10)

se configuran para Simulink en estos capítulos. En Capítulo 6 específicamente, se

introdujo el control de bucle cerrado PRC utilizando el controlador de lógica difusa.

Capítulo 7 muestra la creación de prototipos experimentales, la validación práctica

de los modelos construidos en capítulos anteriores. Los componentes de los prototipos

se muestran en este capítulo. El análisis de los resultados y las comparaciones con

los de las simulaciones se ilustran en este capítulo.

Capítulo 8 Muestra las conclusiones extraídas del análisis de resultados en el Capí-

tulo 7, los puntos abiertos en los proyectos que se sugieren para desarrollo futuro y las

publicaciones. En aquellos, este capítulo indica los trabajos publicados relacionados

con esta tesis, los que no están relacionados con esta tesis y los que están en proceso
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de publicación.
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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[82].

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[10]. 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[65]. 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[88]. 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[10]. 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 0.01nm 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 = λ/T or C = λf) and energy (E = hf). With λ standing for wavelength, and

h for Planck’s constant. The electromagnetic energy mentioned can be viewed in the

Einstein’s theory of relativity, where E = mc2. Hence, X-rays are results of kinetic

energy conversion reached through electron’s accelerations under a given potential

difference[88]. The X-rays have been in medical use since soon after their discovery

by Roentgen in 1896[88]. 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: Illustration of x-ray radiation location in the electronic spectrum[88]

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

Figure 2-2: Illustration of X-ray generation system components[88]

(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[88]. 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[88]. 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.

Figure 2-3: X-ray production by energy conversion[88]
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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[44]. 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[44]

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
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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

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

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[8]. Although there are many different types of

semiconductor microwave devices, TWTs are still employed because they may offer

performance levels in some areas that semiconductor devices cannot yet match[26,

37]. 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 TWT 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[56]

towards the collector. The TWT 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.
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Figure 2-10: Illustration 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, 109, 112, 117], 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.

Figure 2-12: Illustration of the complete power conversion stream

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

Figure 2-13: Illustration 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 IGBTs; 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 +Vcc and –Vcc 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

58



Chapter 2 – The High Voltage DC Based Equipment

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[86].

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 LS. The leakage

inductance LS 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[83, 97, 113, 104].

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

experienced, while the parallel capacitance Cp is neglectable. For the case of PRC in

HV application, the large leakage inductance Ls 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

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.

V0

nVin
=

4

π
.
k21
kv

(2.1)

where

k21 =
1√√√√[(1 – f̂2) .(1 + tan (|β|)

ωCpRe

)]2
+

[
f̂
2
.

1

ωCpRe

]2 (2.2)

kv = 1 + 0.27. sin

(
θ

2

)
(2.3)

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

given in [43]),

2. β and ωCpRe: the details for those are given in [43],

3. n: transformer turns ratio,
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4. f̂ =
fs
f0

:normalized switching frequency,

5. fs:switching frequency, and

6. f0 =
1

2π
√
LsCs

: parallel resonant frequency

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[46].

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[113, 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.

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[95]

as given in equation 2.4.
V0

nVin
=

1

1 + j
π
2

8
Q
[
f̂ –

1

f̂

] (2.4)

Where,

1. Q =
Z

R0
: the normalized load,

2. Z =

√
Ls
Cs

: characteristic impedance of the resonant tank

3. n: transformer turns ratio,

4. f̂ =
fs
f0

:normalized switching frequency,

5. fs:switching frequency, and

6. f0 =
1

2π
√
LsCs

: series resonant frequency
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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[65]. 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.

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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Figure 2-21: Illustration SRC of the Polynomial model construction from the steady

state Model

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 DSPIC33FJ16GS502

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 [40]. 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 [34]. 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 [49]. 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.

71



Chapter 2 – The High Voltage DC Based Equipment

72



Chapter 3

Overview of PRC and SRC

Steady State Models

Contents

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

3.2 Steady State Model of the Series Resonant Converter . . . . . . . . . 75

3.2.1 Analytical study of SRC Steady State Model . . . . . . . . . . 77

3.2.2 Graphical Represention of SRC Steady State Model . . . . . . 80

3.3 Steady State Model of the Parallel Resonant Converter . . . . . . . . 82

3.3.1 Analytical study of PRC Steady State Model . . . . . . . . . 83

3.3.2 Base and Normalized values . . . . . . . . . . . . . . . . . . . 84

3.3.3 PRC Operating Modes . . . . . . . . . . . . . . . . . . . . . 85

3.3.4 Graphical Represention of PRC Steady State Model . . . . . . 90

3.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

73



Chapter 3 – Overview of PRC and SRC Steady State Models

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, 48, 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

74



Chapter 3 – Overview of PRC and SRC Steady State Models

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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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[45].

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:

• The components are ideal: no losses and delays are caused by them.

• 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.

• Input voltage is kept constant.

• The converter will operate above resonant frequency.

• 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.

(–Vco + V1) + V2)

L · w
sin(w · t1) + Io · cos(w · t1) = 0 (3.1)

(Vco +
–Vco + V1 + V2

L · C · w2 ) · (1 – cos(w · t1))+

+
Io

C · w
· sin(w · t1) = Vc1

(3.2)

– Io =
V1 – Vc1 – V2

L · w
· sin(w · (0.5 · T – t1)) (3.3)

– Vco = Vc1 +
V1 – Vc1 – V2

L · C · w2 · (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:

VB = V1; ZB =

√
L

C
; IB =

VB

ZB
=

V1√
L
C

(3.5)

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

(–v̂co + 1) + v̂2) · sin(2 · π · t̂1) + Îo · cos(2 · π · t̂1) = 0 (3.6)

v̂c1 =
(
v̂co + (1 + v̂2 – v̂co) ·

(
1 – cos

(
2 · π · t̂1

))
+ Îo · sin

(
2 · π · t̂1

)
(3.7)

(1 – v̂c1 – v̂2) · sin(2 · π · (0.5 · T̂ – t̂1)) = –Îo (3.8)

(v̂c1 + (1 – v̂c1 – v̂2)) · (1 – cos(π · T̂ – t̂1)) = –v̂co (3.9)

0.5 · T̂ > t̂1; t̂1 > 0; v̂2 < 1; T̂ < 1 (3.10)

Where T̂ is the normalized period, while t̂1 is the normalized time. In the same

way, v̂co, v̂c1, v̂1 and v̂2 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, Vc1, 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 T̂ versus output normalized voltage v̂ in

presence of normalized initial resonant current Îo. While, the bottom part of the

figure shows the normalized output power p̂ versus the normalized output voltage v̂

in presence of normalized initial resonant current Îo. 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.

T̂ = F
(
Îo, v̂

)
and p̂ = F

(
Îo, v̂

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

T̂ = F
(
Îo, v̂

)
) and f̂ =

1

T̂
(3.12)

From the graphical representation 3-3, beyond the normalized output voltage v̂ =

0.8, the converter voltage attains its cut-off for various levels of initial current I0,

and the output power increases sharply. It affects the switching frequency behavior.

Therefore, the SRC design will not go beyond v̂ = 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 nth 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[47] 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, 65, 66], 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, 114, 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.

82



Chapter 3 – Overview of PRC and SRC Steady State Models

Figure 3-4: The PRC with the resonant tank components embedded in the Power

Transformer.

Figure 3-5: Output of PRC in terms of voltage and current in optimum mode of
operation

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 Ls. 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[113]. Apart from

the SRC and some other configuration of the same components presented in [104],

where the series capacitor Cs plays both the role of resonant tank element and DC

component suppressor. The series capacitor Cs 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, 64, 43]. However,

the Cs 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, f̂, v̂, Ω̂ and p̂ are normalized frequency,
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normalized output voltage, normalized load and normalized power respectively.

VBase = VCC ZBase =

√
LS
CP

PBase =
V2
CC

ZBase

fBase =
1

2.π
√
Ls.CP

ωBase =
1√

LS.CP

(3.13)

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

v̂ =
Vout

VCC
p̂ =

Pout

V2
CC

ZBase

Ω̂ =
RL

ZBase
f̂ =

f

fBase
(3.14)

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.
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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 Vout 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 VAB is positive and equation to VCC. The condition of operation are

illustrated in equation 3.15.

tL ≥ 0 tL + tC ≤ d.T (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: tL = 0 and tL + 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 II

The mode II is illustrated in figure 3-6. In this mode, tL ≥ 0 and tC+tL ≥ 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+tL = 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 tL = 0, in this case the product of input voltage

(VAB) 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 T̂,v̂, t̂ and d are the the normalized period, normalized output

voltage, normalized time and duty respectively.

v̂ =
(1 + v̂)

2
.
[
1 – cos

(
2πt̂1

)]
(3.16)
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I1 = (1 + v̂) . sin
(
2πt̂1

)
(3.17)

I2 = (1 – v̂) .2π.
(
d.T̂ – d.̂t1

)
+ I1 (3.18)

T̂ > 0 t̂1 ≤ d.T̂ (3.19)

0 = I2 – 2πv̂. (0.5 – d) .T̂ (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).

I2 = –v̂1 sin
[
2π
(
t̂2 – d.T̂

)]
+ I1 cos

[
2π
(
t̂2 – d.T̂

)]
(3.21)

The Mode II indicated in Figure 3-7 result into the equations 3.22,3.23,3.24 and

3.25[25].

I1 = (1 + v̂) . sin
(
2πdT̂

)
(3.22)

v̂1 + v̂ = (1 + v̂) .
(
1 – cos

(
2πdT̂

))
(3.23)

v̂ = v̂1
[
cos

(
π.̂t2 – dT̂ )–1] + I1 sin

(
2.π.

(
t̂2 – dT̂

))
+ v̂1(3.24)

I2 = 2.π.v̂
(
0.5.T̂ – t̂2

)
(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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Figure 3-8: Normalized output voltage vs normalized frequency for two values of duty
cycles[25]

Figure 3-9: Normalized frequency vs normalized power and duty vs normalized power

in presence of normalized voltage
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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.

f̂ = F (v̂, p̂) d = F (v̂, p̂) (3.26)

Figure 3-10: Illustration 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 nth 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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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. ai: coefficients for frequency fitting.

v̂ a0 a1 a2 a3

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 4.486 -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. bi: coefficients for duty fitting.

v̂ b0 b1 b2 b3

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 1.1575 -8.6289 21.562 -17.693

3.8 1.048 -7.9784 20.364 -17.059

3.9 0.95176 -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 ai are coefficients for frequency polynomial expression while bi

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.

f̂(v̂, p̂) = a0p̂
3 + a1p̂

2 + a2p̂ + a3 (4.10)

for frequency and

d(v̂, p̂) = b0p̂
3 + b1p̂

2 + b2p̂ + b3 (4.11)
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for duty.

4.3.2 B-Spline Application

The coefficients ai and bi in table 4.6 and 4.7 are polynomials too and functions of

normalized output voltage v̂. 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 ai

and bi 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 ai and bi are

retrieved. The obtained coefficients are piece-wise linear at each output voltage level

as showed in Figure 4-5(b).

Figure 4-5: Illustration of a0 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.

v̂ a0 a1 a2 a3

α0 λ0 α1 λ1 α2 λ2 α3 λ3

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 2.424 -6.4033 -9.185 24.994 11.445 -32.488 -4.495 14.611

2.3 - 2.4 -0.365 -0.3347 3.796 -3.17 -9.153 12.106 6.57 -9.3089

2.5 - 2.6 -1.393 2.4775 10.211 -20.46 -22.786 48.312 16.191 -34.545

2.7 - 2.8 1.5088 -5.0318 -7.101 24.405 10.879 -39.025 -5.261 21.15

2.9 - 3.0 1.4187 -5.0571 -7.191 26.411 11.834 -45.351 -6.159 26.178

3.1 - 3.2 1.2073 -4.606 -6.409 25.243 11 -45.349 -5.928 27.237

3.3 - 3.4 1.2193 -4.9297 -6.94 28.953 12.76 -55.668 -7.38 35.5

3.5 - 3.6 0.8654 -3.7104 -5.133 22.726 9.82 -45.536 -5.895 30.382

3.7 - 3.8 0.911 -4.1174 -5.757 26.867 11.72 -57.273 -7.48 40.282

3.9 - 4.0 0.6699 -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.

v̂ b0 b1 b2 b3

β0 φ0 β1 φ1 β2 φ2 β3 φ3

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 -1.4155 4.0245 4.987 -15.045 -5.526 18.38 1.776 -6.8231

2.3 - 2.4 0.916 -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 - 2.8 -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 - 3.4 -1.271 5.4262 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(v̂) = αiv̂ + λi and bi(v̂) = βiv̂ + φi (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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f̂(v̂i, p̂j) =
i=n∑
i=0

aip̂
n–i
j and d(v̂i, p̂j) =

i=n∑
i=0

bip̂
n–i
j (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
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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 Îo) receives the

normalized values of power p̂ and voltage v̂ and produce the corresponding normalized

initial resonant current Îo. The last together with the normalized voltage v̂ are fed to

the second block (holding the script for the polynomial T̂) 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

Ls 34.232 uH

Cp 658.7 nF

Cf 30 uF

ZBase 7.209 Ω

fBase 33.527 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

p̂ 0.1000

Ω̂ 0.8824

v̂ 0.2971

Îo -0.7317

T̂ 0.3858

f̂ 2.5920

fsw 86 kHz

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

118



Chapter 5 – The Modeling and Simulations of SRC

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 (TI) 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"[4, 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-

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 p̂. 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 T̂. 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
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switching signals are created at an appropriate frequency. The first leg’s switching

signal is output by the ePMW1A and ePWM1B, while the second leg’s switching

signal is output by the ePWM2A and ePWM2B.

T =
fclk

2 ∗ fsw
(5.1)

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

frequency and fsw 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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6.1 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.

Ω̂ = F(v̂i, p̂j) (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.

Figure 6-1: Illustration of Simulink model with normalized voltage and normalized

power as inputs
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Ω̂ =
v̂2

p̂
(6.2)

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

Ls 34.232 uH

Cp 658.7 nF

Cf 30 uF

ZBase 7.209 Ω

fBase 33.527 kHz

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

Vin 100V f̂ 0.9086

Vout 250V d 0.3566

v̂ 2.5 Ω̂ 3.412

p̂ 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 f̂ = 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 Ω̂ = 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

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.

v̂ =
√
p̂ ∗ Ω̂ (6.3)

And the simulation parameters are given in the table 6.1.

Figure 6-4: Inverter voltage, Current and power at fixed load

The power and the load are p̂ = 0.7819 and Ω̂ = 1.387 respectively; hence, the voltage

is v̂ = 1.0414. In this case the frequency and duty are f̂ = 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

Vin 100V f̂ 0.76827

Ω̂ 1.387 d 0.2625

v̂ 1.0414 Vout 104V

p̂ 0.7819
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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, Ω̂ = 1.387 runs from v̂ = 1.00664

to v̂ = 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[89]. 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 p̂, which is

the only external input. and the normalized load Ω̂, 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 f̂ 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

ePMW1A and ePWM1B output the switching signal for the first leg while ePWM2A

and ePWM2B give the shifted switching signal for the second leg.

T =
fclk

2 ∗ fsw
(6.4)

From the equation 6.4; T is the period, fclk is the F28335 maximum clock frequency
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and fsw 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, 110, 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[81]. Additionally the DSC

is limited on computational speed; it causes the delay in high frequency switching,

which hinders the dynamic performance of the converter[74, 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[108]. 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.

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 "IP 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[68]:

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).

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

135



Chapter 6 – The Modeling and Simulations of PRC

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:

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} − 000670A3_{H}=FFF9 8F5C_{H}

A1 complement for negative numbers

1 000670A3_{H}= 6*16^0 +7*16^−1+0*16^−2+3*16^−3 = 6.438_{d}

FFF98F5CH it is negative so FFFFFFFFH – FFF98F5CH = 000670A3H this last is

the module. Therefore, the procedure for obtaining the frequency on constant duty

is as follows:

- Selection of the Aij coefficients.

These coefficients depend on the voltage and power to be handled by the con-

verter. Each 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 a1=6.44*v+6.4193

These coefficients Aij are the coefficients that allow obtaining the Ai

- Calculation of Ai:

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, A1H

and A1L for the coef. A11, (which in this case is -6.44 and VH and VL for the

voltage V:

1 A1H:= (A11/65536);

2 A1L:= (A11−A1H*65536);

3 VH:=(volt/65536);

4 VL:=(volt−VH*65536);

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 h1:=((A1H*65536)*VH+(A1L*VH)+(A1H*VL)+(((A1L/2)*(VL/2))/16384))+A12

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.
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Figure 6-9: The illustration of results for v̂=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:

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 =a1*(p*p*p)+a2*(p*p)+a3*p+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 (A1 ∗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:

Figure 6-11: Illustration 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:

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,

65, 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[111, 88, 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 [16], 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
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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[116, 35]. There are

various types of membership functions namely: Singleton, triangular, trapezoidal,

gaussian and generalized bell shaped membership function[19].
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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[80].

The polynomial model indicated in 4 and illustrated in equations 4.13 has two inputs

(v̂ and p̂) 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 e (n) and the rate of change of error Δe (n) at nth instant as

illustrated in equations 6.5 and 6.6. The outputs are f̂ and d, which are normalized

switching frequency and duty respectively.

e (n) = v̂ref – v̂ (6.5)

Δe (n) = e (n) – e (n – 1) (6.6)

With, v̂, v̂ref and e (n – 1) are normalized output voltage, reference normalized output

voltage and voltage error at (n – 1)th instant respectively.
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Figure 6-13: The illustration of fuzzy controller structure

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

output voltage level, as well as the rate at which the error changes to produce the
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adequate switching frequency and duty cycle. Therefore, the fuzzy controller has two

input(the error and the rate of change of error) and two outputs (switching frequency

and duty cycle). The ranges for both input and output values of the fuzzy controller

are presented in the table 6.4.

Table 6.4: Illustration of ranges for the error and delta error, normalized frequency

f̂, the normalized output voltage v̂ , the normalized output power p̂ and duty cycle.

Item ranges

e (n) -0.50 to 0.50

Δe (n) -0.50 to 0.50

f̂ 0.30 to 0.97

d 0.22 to 0.45

v̂ 1.00 to 4.00

p̂ 0.50 to 3.50

The membership function is triangular with the ranges as presented in the table 6.5:

The acronyms used in the membership function are:
Table 6.5: This table shows the range of various membership functions respective to
the variable i.e. input or output

e (n Range Δe (n) Range
NB -0.5 to -0.1 NB -0.5 to -0.1
NS -0.2 to 0.0 NS -0.2 to 0.0
ZE -0.1 to 0.1 ZE -0.1 to 0.1
PS 0.0 to 0.3 PS 0.0 to 0.3
PB 0.2 to 0.5 PB 0.2 to 0.5

f̂ Range d Range
PS 0.3 to 0.5 DS 0.22 to 0.28
PM 0.45 to 0.75 DM 0.27 to 0.37
PB 0.73 to 1.0 DB 0.35 to 0.47

1. For Error and Rate of change of error: NB: Negative Big, NS: Negative Small,
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ZE: Zero Error, PS: Positive Small, PB: Positive Big.

2. For Normalized frequency, it represents how big is the power transfer. Therefore

PS: Power Small, PM: Power Medium, PB: Power Big.

3. For the duty, DS: Duty Small, DM: Duty Medium, DB: Duty Big

Table 6.6: The illustation of Fuzzy rule base defining the relation between the input
and the output

Rate of change of Error(Δe (n))
NB NS ZE PS PB

Error (e (n)) f̂ d f̂ d f̂ d f̂ d f̂ d
NB PB DS PB DS PB DS PB DS PB DS
NS PB DM PB DM PS DM PB DM PB DM
ZE PB DB - - PB DB PB DB PB DB
PS PM DM PM DM PM DM PM DM PM DM
PB PS DB PS DB PS DB PS DB PS DB

The change in error and the rate at which the error changes, determine the frequency

and duty cycle required to track the command i.e. the required output voltage, and

determine the power transfer range at a given value of the of the load.

Figure 6-15: The illustration of fuzzy control design

The targeted output power and voltage are also shown in the table 6.4.

6.5.2.3 Simulink model of Fuzzy controller

The control model is built in Simulink, where the fuzzy control is based on Mamdani

Fuzzy Inference Systems[62] as illustrated in the figure 6-15. The control mode is

illustrated in figure 6-16.
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Figure 6-16: The illustration of fuzzy controller structure

It is made of the refernce voltage with the necessary steps and the feedback. Both

generate the error, and the rate of change of error that are fed to the fuzzy controller.

The last gives the normalized frequency and the duty. The normalized frequency

is turned into normal frequency and later on into period through Matlab function

blocks. The period is fed to the PWM generator and give the PWM signals, while

the duty cycle value is used to obtain the right signal shifting. The simulation was

run in Simulink, on the model shown on the figure 3-4 with the parameters indicated

in the table 5.1.

6.5.2.4 Simulation results

The PRC is simulated in Simulink following the data illustrated in the table 6.4. It

is a closed-loop model based on fuzzy logic. The normalized parameters are used in

order to have the larger operating span.

Figure 6-17: The illustration of fuzzy controller performance
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The figure 6-17 shown the performance of the fuzzy controller. The output normalized

voltage track the command as required. The results illustrated in the figure 6-17

Figure 6-18: The illustration of fuzzy controller performance

spring from the process indicated in the table 6.6 and the results shown in the figures

6-18. The input voltage is kept constant, and the output voltage of the converter is

controller, therefore the figure 6-18 (a) shows the variations in the output voltage,

while the input is constant. The control depends strongly on the error and the

rate at which it changes in time, the figure 6-18 (b) illustrates it. During the control

process, the controller takes time to track the reference. In that process the switching

frequency and duty vary continuously as indicated in the figure 6-18 (c) and (d).

Figure 6-19: The illustration of inverter current and voltage

The variation of the switching frequency and duty have strong impact on the inverter
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voltage and current and determine the level of energy transfer. Both figures 6-19 and

6-20 illustrate it.

Figure 6-20: The illustration of power transfer profile

6.6 Conclusions

In this chapter the PRC was modeled and their topologies were built and simulated in

Simulink for the validation. Using model based programming language, the F28335 TI

micro-controller and Arrow Deca Max 10 FPGA were programmed for the generation

of PWM switching signals. The closed loop control of PRC is proposed using Fuzzy

controllers. The control model was built and validated in Simulink. At each section

of this chapter, results were obtained as expected.
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7.1 Introduction

This chapter intends to experimentally confirm the theoretical results, preliminary

supported by of the simulations presented, specified, examined, and confirmed in ear-

lier chapters. It is all about building the laboratory prototypes’ power experimental

set-up parameters. The Model based DSC program in Simulink is highlighted. All

the items needed (DSC, FPGA, PCB board) have been defined, designed and built

for the experimental results obtention. It describes the complete components of the

prototype. Finally, this chapter will describe the results of experiments conducted

under the same settings as the prior simulations, allowing for easy comparison of the

findings and validation of the suggested models reported in previous chapters.

7.2 The Experimental Consideration

The essential parameters of the laboratory set-up necessary to offer a platform for

experimental verification of proposals are described in this section. It also takes into

account considerations from a safety standpoint. Various component arrangements

make suitable prototypes described in this work. Here to cite few:

• The figure 7-1 shows the schematic of the prototype components arrangement.

With this schematic, the configuration of the power topology can be easily

modified in order to act as many topologies described in this work.

• The control topology is made of resonant converter polynomial model, developed

in Matlab, built and simulated in Simulink. It generates the control program

that fits the programmable circuit (DSC or FPGA).

• The power topology in terms of a prototype is built in the laboratory, tested

and the results are presented in this work.
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Figure 7-1: Illustration of the complete model of the practical implementation.

7.3 The Digital Control and Discretization

The control schemes are implemented in a DSC, "TMS320F28335" in particular and

FPGA, "Arrow Deca Max 10" in particular. The programming of the programmable

circuits is done in Simulink, using Model-Based option. The control is open-loop,

there is no feedback to close the loop expected. Therefore, regulation, signal routing

filtering and discretization are not applicable. The control program is generated and

loaded to the programmable circuit through Simulink. The programmable circuit is

hardwired linked to driver.

7.4 The Experimental Set-up

This section describes the experimental power setup as well as the PCBs that were

built and used to achieve the desired results.
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7.4.1 Gate Drivers Board

The gate driver is an interfacing board between the controller and the power stage.

The PWM signals are sent from the DSC/FPGA dedicated module to the gate driver

board. This connection is made through short hard-wires in order to minimize noise in

the connections. The PWM signals of the DSC/FPGA are from 0 V to 3.3 V. Then,

the driver board receives the PWM signals, after the opto-coupling stage, ranging

from 0 V to 5 V. Therefore, the driver board adapts these signals and isolates the

gating references between the upper IGBT and lower one. The opto-coupler used is

HCPL-3120 from AVAGO Technologies with the power supply voltage ranging from

15 V to 30 V and the input current IF(ON) = 7mA. The power is supplied by THL10-

2423W general purpose converter from TRACO POWER. The input Voltage ranges

in 9 V and 36 V while the output voltage ranges in -15 V and 15 V with the total

power rating of 10 W. The embedded IGBTs switches F4-150R12KS4 are turned on

and off with gate-to-source voltage (VGE) value of 15 V and -15 V, respectively.

Figure 7-2: Driver Board Schematic

7.4.2 Power stage

The power stage starts with the DC voltage link; this is to generate the input DC

voltage Vin. It supplies the DC voltage to the controlled front-end inverter. The last

is an embedded system made of four IGBTs. It is an F4-150R12KS4 compact from

Infineon. The F4-150R12KS4 embedded IGBTs is illustrated on the figure 7-4, while
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its structure is shown on the figure 7-3.

Figure 7-3: The F4-150R12KS4 IGBTs embedded structure

Figure 7-4: Illustration of embedded F4-150R12KS4 IGBTs

The resonant tank is connected next to the converter, with either series or parallel

configuration depending on each of the topologies. The series inductance is Ls =

34.232 μH and the parallel capacitor is Cp = 658.7 nF. The uncontrolled rectifier links

the resonant tank to the filter capacitor and the load of 30 μF, and 10 Ω respectively.

The complete prototype is shown later in section 7.5.2.1 on the figure 7-9.
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7.5 The Outline of the experimental Results

This section outlines various experiments done and the results achieved. It details all

of the experiments conducted, the processes used, the target and the obtained results.

7.5.1 Series Resonant Converter

The Series Resonant Converter control model and topology is experimentally illus-

trated in this part. The practical vlidation of SRC is indicated in two ways i.e.

the DSC configuration and PWM tests, and Experimental Prototyping, with results

illustrations.

7.5.1.1 DSC Configuration and PWM tests

The prototype to validate control part of the simulated results of the SRC was built

following the topology in the figure 3-1. The model in figure 7-1 is modified in such

a way to meet the SRC topology. Based on the tables 4.1 and 4.1 , the polynomial

equations 4.7 and 4.9 are respectively obtained, and used in the model program shown

in figure 5-4. Therefore the level of normalized output power p̂ results in the targeted

initial resonant current and frequency as show in the table 7.1.

The equation 4.9 shows the frequeny as dependent variable, which varies with respect

to the changes in initial converter current and output voltage. While the initial reso-

nant current, shown in the equation 4.7 becomes dependent variable with respect to

the changes in output voltage and power. Hence, the output power and output volt-

age are the independent variables of the model. The power transfer strongly depends

on the switching frequency and initial resonant current. Therefore, at each level of

targeted output power corresponds the switching frequency and initial resonant cur-

rent. That is what detailed in the table 7.1. Practically, the normalized power of

p̂ = 0.10 that corresponds to normalized voltage v̂ = 0.2971 and normalized initial

converter current Î0 = –0.7317, the resulted switching frequency f = 86.87kHz. It

is illustrated in the figure 7-5, as the PWM signal reflect the mentioned switching
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Table 7.1: Illustration of the experimental validation of the SRC polynomial model
as indicated in figure 5-4

p̂ v̂ Îo T̂ f̂ f[kHz]
Simulated Experimental

0.01 0.09394 -0.2214 0.1429 6.998 234.5 234.3
0.015 0.115 -0.2755 0.1739 5.749 192.7 192.76
0.02 0.1328 -0.3163 0.1971 5.074 170.1 170.07

0.025 0.1485 -0.3606 0.2216 4.513 151.3 151.15
0.03 0.1627 -0.3894 0.2376 4.208 141 140.92
. . . . . . .
. . . . . . .
. . . . . . .

0.06 0.2301 -0.565 0.3224 3.102 104 103.99
0.065 0.2395 -0.5882 0.332 3.012 101 100.93
0.07 0.2485 -0.6085 0.3384 2.955 99.05 99.05

0.075 0.2573 -0.6261 0.3483 2.871 96.23 96.23
0.08 0.2657 -0.6393 0.3509 2.85 95.53 95.53

0.085 0.2739 -0.6645 0.3601 2.777 93.09 93.04
0.1 0.2971 -0.7317 0.3858 2.592 86 86.87

frequency.

Figure 7-5: Illustration of the PWM generated at the normalized power p̂ = 0.10 and

generate a frequency f = 86.87kHz.

Several tests were conducted as illustrated in the table 7.1 and more results were

captured. Only the results on the figure 7-5 were indicated for the presentation

purposes. The table 7.1 illustrates the practical results of the initial current and

switching frequency polynomials. The initial resonant current is an input to the
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Table 7.2: Illustration of polynomial model expermental testing and comparative
study to various other models of SRC.

Parameter Ls = 173uH, C = 447nF, R = 44Ω, Vin = 125V
Test Type SRC model Simulated Polynom Experimental

Operation point 1
fsw [kHz] 73 74 71.4 74
Vout [V] 50 50 47.2 50
t1 [μs] 2.38 2.4 2.263 2.3
I1 [A] 2.38 2.4 2.276 2.3

Operation point 2
fsw [kHz] 39.86 40.6 39.9 40.6
Vout [V] 50 50 49.6 80
t1 [μs] 2.59 2.53 2.572 2.6
I1 [A] 3.4 3.19 3.36 3.25

Operation point 3
fsw [kHz] 30 30 29.54 29.92
Vout [V] 100 100 99.5 100
t1 [μs] 2.2 2.53 2.479 2.6
I1 [A] 3.2 3.6 3.675 3.5

parameters indicated in the table 7.2.

Figure 7-7: The illustration of the inverter current and voltage, based on the operation

point 1 in the table 7.2
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Figure 7-8: The illustration of the inverter current and voltage, based on the operation

point 3 in the table 7.2

Several tests were made, and their respective results were captured, only few were

illustrated in the table 7.2 and shown on the figures 7-7 and 7-8 for presentation

purposes.

7.5.2 Parallel Resonant Converter

The topology shown in Figure 2-20 was used to build the prototype for practical ex-

perimentations, with the target of obtaining the model illustrated in Figure 7-1 and

to practically prove the polynomial model. The model and the program script were

obtained using Matlab-Simulink. The F28335 micro-controller is used for hosting the

control program and to generate the corresponding switching signals, S∗
1, S∗

2, S∗
3,

and S∗
4. The drivers are connected to the output of the controller and strengthen

the switching signals to a suitable level of S1, S2, S3, or S4 for firing the IGBTs.

The embedded IGBTs are used and provide an adequate commutation for the proper

output of the prototype. The IGBTs form a converter and link the input voltage to

the resonant tank. The last is made of leakage inductance and parallel capacitance

connected in parallel. Both these components can be part of the power transformer
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as parasitics. The diode rectifier and the filter capacitor output the DC voltage with

proper smoothness. Figure 7-1 presents the steps and components of the prototype.

The prototype can have different behaviors based on the components of the resonant

tank. Two scenarios are tested in this work. The first scenario is the low-voltage

prototype, where the resonant tank is made of an independent capacitor and induc-

tor without a power transformer. This is the low-voltage case. The second option

considers the resonant tank with an independent inductor together with the power

transformer and its parasitics. This is a high-voltage case.

7.5.2.1 Low-Voltage Test

The prototype was made up of an F28335 TI micro-controller for shifted PWM

signals, a driver to strengthen the PWM signals to a required switching level, an

F4-150R12KS4-embedded IGBT converter, a resonant tank of Ls = 34.232 μH and

Cp = 658.7 nF, an uncontrolled rectifier, a filter capacitor of 30 μF, and a 10 Ω load.

The prototype was tested on a fixed load of 10Ω by applying Equation (6.3) on the

program model in Figure 6-5. The power values in Table 7.3 were applied. Table 7.3

shows the data retrieved on the prototype in Figure 7-9. The same prototype was run

from v̂ = 1.00664 to v̂ = 1.441706 and from p̂ = 0.730587 to p̂ = 1.498569. The reso-

nant frequency of the prototype was fr = 33.517 kHz. The behavior of the prototype

at the fixed load is illustrated in Figure 7-10. As the output voltage increased, the

power transfer increased as well. Hence, the switching frequency goes further below

resonance, while the duty increases drastically. Figure 7-12 shows the behaviors of the

prototype in Figure 7-9 in optimum mode. It was obtained through running the topol-

ogy in Figure 7-9 in optimum mode and on the following data: power: p̂ = 0.781915;

normalized load: Ω̂ = 1.387. Hence, the voltage becomes v̂ = 1.0414. At the input

voltage Vin = 39.6 V, the output voltage becomes Vout = 41.24. Therefore, the

obtained frequency and duty are f̂ = 0.76826685 ≈ f = 25.75 kHz and d = 0.2625,

respectively.
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Table 7.3: This table shows different operating points in the design operating window
of the prototype in Figure 7-9 with the load of 10Ω≈ Ω̂=1.387

v̂ p̂ f̂ d
1.00664 0.730587 0.780201 0.2535

1.041401 0.781915 0.768267 0.2625
1.074677 0.832682 0.757526 0.2716
1.120123 0.904597 0.74589 0.2842
1.150194 0.953819 0.74052 0.2925
1.172152 0.990585 0.737835 0.2985
1.30065 1.219677 0.695766 0.3417

1.316569 1.249714 0.685622 0.3488
1.332491 1.280124 0.673986 0.3567
1.348824 1.311699 0.661157 0.3656
1.359014 1.331593 0.652206 0.3716
1.372422 1.357997 0.639675 0.3801
1.389738 1.392481 0.621476 0.3924
1.403329 1.419851 0.605663 0.4032
1.412658 1.438791 0.593729 0.4112
1.441706 1.498569 0.550467 0.4404

Figure 7-9: Illustration of the low-voltage prototype
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Figure 7-10: Illustration of normalized frequency and duty at a fixed load of Ω̂ =

1.387, corresponding to 10 Ω.

Figure 7-11: Illustration of the prototype output results as illustrated in table 7.4,
Operational point 1
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Table 7.4: Illustration of low voltage polynomial model experimental testing for PRC
with fr= 33.517 kHz and Ω̂=1.387

Parameter Ls = 34.232uH, Cp = 658.7nF, R = 10Ω, Vin = 39.6V
Test Type PRC Model Simulated Polynom Experimental

Operational Point 1
p̂ 0.7306 0.7299 0.730 0.73
v̂ 1.0066 1.0064 1.0066 1.007
Vout 39.86 39.85 39.86 39.877
fsw[kHz] 26.15 26.15 26.16 26.18
d 0.2535 0.2533 0.2535 0.254

Operational Point 2
p̂ 0.7819 0.7819 0.7821 0.7817
v̂ 1.0414 1.0414 1.0416 1.042
Vout 41.239 41.239 41.247 41.246
fsw[kHz] 25.75 25.77 25.80 25.84
d 0.2625 0.2623 0.262 0.2626

Operational Point 3
p̂ 1.3117 1.3115 1.3113 1.310
v̂ 1.3488 1.3501 1.3491 1.3495
Vout 53.41 53.46 53.42 53.44
fsw[kHz] 22.16 22.18 22.20 22.20
d 0.3656 0.3655 0.3659 0.366

Figure 7-12: Illustration of the prototype output results as illustrated in table 7.4,

Operational point 2
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Figure 7-13: Illustration of the prototype output results as illustrated in table 7.4,

Operational point 3

Several tests were made, and their respective results were captured, only few were

illustrated in the table 7.4 and shown on the figures 7-12 and 7-13 for presentation

purposes.

7.5.2.2 High-Voltage Test

The high-voltage prototype was built as illustrated in Figure 7-14. It uses the

same components as the low-voltage prototype, with the exception of the high-

voltage transformer; this was added for a higher transformation ratio. The inductor

LS = 110.34 μH (with 22.4 μH of transformer leakage inductance) and the parasitic

capacitor CP = 43 nF, the load is 57.575 Ω, the resonant frequency of fr = 73.067 kHz,

Zbase = 50.6561 Ω, and n = 400/14 is the transformer turn ratio. Transformer oil

was used to insulate the transformer and the load for safe runs under high-voltage

outputs. The maximum output voltage reached was 4 kV. Figure 7-14 shows the

high-voltage transformer and the load immersed in transformer oil for high-voltage

insulation. The converter selected in this case is the one used in the E-beam weld-

ing machine, one of the HV converters needed. The prototype in Figure 7-14 was
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run at a fixed normalized load of Ω̂ = 1.1366. The model-based program illustrated

in Figure 6-5 runs on various power levels, in a range between p̂ = 0.882826 and

p̂ = 1.498569. Figure 7-15 shows the output of the high-voltage test, where the input

voltage is Vin = 94, the input current Iin = 1 A, the normalized power p̂ = 0.882826,

the normalized frequency f̂ = 0.6862, the duty d = 0.283, and the output voltage

Vout = 2 kV. The optimum mode is realized.

Figure 7-14: Illustration of the high-voltage prototype.
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Table 7.5: Illustration of PRC polynomial model tests on High Voltage scenarios

Scenario 1

Parameters Ls = 110.34uH, Cp = 43nF, R = 57.5750Ω, fr = 73.067kHz

Test Type PRC Model Simulated Polynom Experimental

Operational Point 1

p̂ 0.8828 0.8797 0.8815 0.89

Vin [V] 94 94 94 94

Vout [kV] 2.0 1.99 2.0 2.00

f̂ 0.6862 0.6865 0.6859 0.6860

d 0.2830 0.2828 0.2850

fsw[kHz] 50.14 50.50 50.776

Operational Point 2

p̂ 1.1429 1.143 1.143 1.1432

Vin [V] 95.1 94 94 95.1

Vout [kV] 2.51 2.49 2.49 2.50

f̂ 0.6331 0.6331 0.6329 0.6330

d 0.3305 0.3305 0.3305 0.3280

fsw[kHz] 46.15 46.2 46.26 46.006

Scenario 2

Parameters Ls = 56.635uH, Cp = 43nF, R = 57.5750Ω, fr = 101.99kHz

Test Type PRC Model Simulated Polynom Experimental

Operational Point 1

p̂ 1.4085 1.4082 1.4086 1.408

Vin [V] 117 117 117 117

Vout [kV] 4.0 3.999 4.00 4.00

f̂ 0.6903 0.6901 0.6899 0.6904

d 0.3834

fsw[kHz] 70.41 70.389 70.394 70.4
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Figure 7-15: Illustration of converter output at 2 kV output voltage, following the

data on scenario 1, operational point 1 in the table 7.5

Figure 7-16: Illustration of converter output at 4 kV output voltage, following the

data on scenario 2, operational point 1 in the table 7.5
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Several tests were made, and their respective results were captured, only few were

illustrated in the table 7.5 and shown on the figures 7-15 and 7-16 for presentation

purposes.

7.5.2.3 Frequency change

The abrupt change in the switching frequency and duty were made 51.387kHz to

26.144kHz and 0.25 to 0.28 respectively through the Hex-Enc (hexa-decimal encoder)

input of the F28335 micro-controller. It suddenly increases the power transfer. Such

change in frequency is realized after a transition of one and a half period of time.

The figure 7-17 illustrates the indicated changes.

Figure 7-17: Frequency change from 51.387 kHZ to 26.144 kHz

7.6 Conclusions

In practically validating the model illustrated and simulated in the previous chapters;

the experimental prototype were built in this chapter. Those are made of: personal

computer to host the control program, the controller i.e. DSC or FPGA to generate
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the control PWM signals, the driver for control signal strengthening and adaptation,

the power topology. The last is made of the DC power supply, the controller front-

end inverter (embedded IGBTs), resonant tank (with series of parallel configuration),

the rectifier, the capacitive filter and the load. Here described prototype was run

through the conditions indicated in the previous chapters, and considering the same

parameters indicated in the simulations, for validation purposes. The results of the

practical experimentations are shown in this chapter and confirm the model design

and simulation outputs.
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8.1 Conclusions

A proposal for implementing resonant converters control in digital devices have been

presented. The steady state models for PRC and SRC were introduced and their

difficulties in DSC implementation were highlighted. From the steady-state models,

the polynomial models for both PRC and SRC converters have been obtained and

implemented in a DSC, using MathLab-Simulink. The complete process was verified

with the expermental results illustrated in this work. later on, the use of FPGA was

introduced. The simple algorithms in VHDL to carry out the polynomials for PRC

was proposed and verified by simulations in Altera. The results are indicated in this
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work. The polynomial model implementation for PRC using Fuzzy logic controller

was proposed and simulated in Simulink. The control rule base data and control

simulation results were illustrated in this work. At last, the closed loop control of

the PRC was as well attempted, using fuzzy logic control; the simulation results are

promising and are indicated in this work. All of the simulated and practical results of

the models mentioned and illustrated in this work; confirm and track the hypothesis

of the project.

8.2 The Publications
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PowerAfrica (pp. 379-384). IEEE.
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Research and Technology, 10 (3).

2. Rwamurangwa, E., González, J. D., Villegas Saiz, P. J., Martín-Ramos,

J. A., and Pernía, A. M. (2022). A Parallel Resonant Converter Polyno-

mial Model Implemented in a Digital Signal Controller. Electronics, 11(7),

1085.
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1. Conference proceedings:
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1. Evode, R. (2021, October). Modeling of Electric Grid Behaviors having

Electric Vehicle charging stations with G2V and V2G Possibilities. In

2021 International Conference on Electrical, Computer, Communications

and Mechatronics Engineering (ICECCME) (pp. 1-5). IEEE.

8.3 The Future Development

The resonant converters and their use in high voltage DC application are illustrated in

this work; with the major focus on PRC and SRC. The respective models i.e. steady-

state and polynomial model were elaborated as well in this work. The simulation,

programming of controllers and practical tests were done through Matlab-Simulink

and built prototype respectively. All of this above constitute the reason of future

orientations, applications, implementations as well as improvements of the models in

place. Therefore, among the future activities related to this project; here are cited

few:

. The implementation of the PRC polynomial model in FPGA was modeled.

The simple algorithms in VHDL to carry out the polynomials for PRC was

developed and verified by simulations and experimentally in Altera. The re-

sults are promising. Various various simulations were done in Simulink, and

reflected a very good progress. The next step is to implement FPGA coding us-

ing model-based option in Simulink and building the prototype for experimental

verification.

. The polynomial model for SRC was developed and implemented in DSC. The

option of its implementation in FPGA was modeled. The preliminary simula-

tions and experiments were done and the results are on the right stage. The next

step is to complete the simulations, configure the Simulink model to FPGA, run

the Simulation on the FPGA, built the prototype and experimental verification.

. The closed loop control of the parallel resonant converter, using fuzzy logic

controls was proposed. The closed loop control is based on the polynomial model
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concept. The fuzzy logic controller was set and the rule base data were obtained

using Simulink. The simulations were done in Simulink and the results are

promising. The next step is the implementation in DSC, building the prototype

and experimental verification.

. The polynomial model closed loop control of Parallel Resonant converter imple-

mention using neural network is proposed. This is an option to smoothen the

PRC polynomial model control. The Neural Network base rules and simulations

are done. The results are promising and the next step is to finalize with the

simulations, implementations in the DSC, prototype building and experimental

verification.

. The polynomial models (PRC and SRC) use in control of the battery charging

in EV and drones application was done on a basic level with some models

built in Simulink and some simulations. The next step shall is to finalize the

simulations, implementation in DSC or FPGA and experimental verification.

Some more future works related to this project are being optimized, mostly focusing

on wireless charging. The target is the charging stations of drones and other flying

equipment.
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8.1 Conclusiones

Se ha presentado un método para implementar el control de convertidores resonantes

en dispositivos programables. Se ha presentado el modelo en régimen permanente

para los convertidores SRC y PRC y su implementación en un DSC. A partir de

las ecuaciones en el dominio del tiempo, se han obtenido las ecuaciones en formato

polinomio, y posteriormente, se implementan en un DSC, utilizando las herramientas

de MathLab-Simulink, validando los resultados mediante simulación. El proceso se

ha probado de forma experimental en un prototipo de laboratorio. Posteriormente,

se implementan dichos polinomios en una FPGA. Se han implementado en lenguaje
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VHDL y se ha verificado con el software de Altera, simulaciones para el convertidor

PRC y de forma experimental para el convertidor SRC. Por otro lado, se basándose

en los polinomios obtenidos, se explora el controlbasado en lógica difusa o fuzzy logic:

se ha simulado el control en lazo cerrado para el convertidor PRC utilizando lógica

difusa, mediante Simulink. Los resultados de simulación obtenidos son prometedores

y constituyen una base para futuros trabajos. Todos los resultados anteriormente

expuestos han sido validados por simulacionesmediante MathLab-SimuLink, simu-

ladores eléctricos (ORCAD) y experimentales en prototipo de laboratorio.

8.2 Publicaciones
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1. Congresos:

1. Evode, R. W. A. M. U. R. A. N. G. W. A. (2019, August). High Voltage

DC Measurement Through Low-pass Filter Ripples Detection in Parallel

Resonant Converters With no-Inductor at Output. In 2019 IEEE PES/IAS

PowerAfrica (pp. 379-384). IEEE.

2. Revistas:

1. Rwamurangwa, E., and Mugisha, P. O. (2017). Approach on High Electric

Fields for remedying the Micro-organisms attack on Crops. Agricultural

Research and Technology, 10 (3).

2. Rwamurangwa, E., González, J. D., Villegas Saiz, P. J., Martín-Ramos,

J. A., and Pernía, A. M. (2022). A Parallel Resonant Converter Polyno-

mial Model Implemented in a Digital Signal Controller. Electronics, 11(7),

1085.

Indirectamente relacionadas con este trabajo::

1. Congresos:
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1. Evode, R. (2021, October). Modeling of Electric Grid Behaviors having

Electric Vehicle charging stations with G2V and V2G Possibilities. In

2021 International Conference on Electrical, Computer, Communications

and Mechatronics Engineering (ICECCME) (pp. 1-5). IEEE.

8.3 Futuros trabajos

Se han presentado en este trabajo distintas aplicaciones de alta tensión de salida

de los convertidores resonantes, prestando especial atención a los convertidores PRC

y SRC. Se han elaborado los modelos en régimen permanente en el dominio del

tiempo y en ecuaciones polinómicas. Las simulaciones y posterior implementación en

el DSC se han realizado mediante MathLab y se ha implementado un prototipo para

validar de forma experimental los resultados obtenidos. Estos trabajos previos abren

la posibilidad de futuras ampliaciones y mejoras de lo realizado hasta ahora. Entre

otras, citaremos las siguientes:

. La implementación de los polinomios para el convertidor SRC se ha realizado

de forma directa en lenguaje VHDL, sin utilizar las herramientas de síntesis de

Simulink. Un trabajo futuro puede basarse en la implementación de los modelos

obtenidos de forma directa, y comparar los resultados obtenidos con los aquí

presentados.

. Se propone la implementación de los modelos desarrollados para el PRC en la

FPGA, de forma análoga al SRC, de forma directa mediante las herramientas

de síntesis de MatLab.

. El estudio del lazo cerrado utilizando fuzzy logic es otra de las propuestas que

se derivan de esta tesis. Se han obtenido los pasos previos, tales como el con-

trolador fuzzy y las reglas, mediante simulink.

. Se propone la aplicación de redes neuronales para el lazo cerrado del convertidor

PRC. Es una propuesta para facilitar el control mediante el modelo polinomial.
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Se han establecido las reglas básicas y se han realizado las simulaciones básicas.

Los resultados son prometedores y el siguiente paso consiste en avanzar con las

simulaciones y su posterior implementación en DSC, y validación en prototipo.

. Evaluar la validez de los modelos polinomiales (PRC y SRC) en diferentes apli-

caciones de carga de vehículos eléctricos, tales como drones. Se han realizado

algunas simulaciones previas, y los resultados son prometedores. Los siguientes

pasos consisten en finalizar con la implementación en DSC y FPGA y validar

de forma experimental.

Se están optimizando algunos trabajos futuros más relacionados con este proyecto,

centrándose principalmente en la carga inalámbrica. El objetivo son las estaciones de

carga de drones y otros equipos voladores.
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A.1 Introduction

This appendix shows in details the data used to convert the PRC steady-state model

into graphical representation. The normalized frequencyf̂ and duty d are illustrated

graphically with respect to the normalized power p̂ in presence of the normalized

output voltage v̂. The same data were used through numerical analysis .i.e. Data
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fitting and B-spline to obtain the equivalent polynomial model. The last is expressed

in two polynomials .i.e normalize frequency and duty; both are functions of nornalized

power and normalized output voltage. The complete process is detailed in the tables

illustrated in this appendix.

A.2 Tables
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Table A.1: Frequency vs Power at the Normalized voltage v̂ varying from 1.0 to 1.4

v̂
1.0 1.1 1.2 1.3 1.4

Power Frequency Power Frequency Power Frequency Power Frequency Power Frequency

0.560354 0.879646 0.626457 0.8898668 0.697533 0.896439 0.773109 0.900546549 0.797236 0.92302039
0.61177 0.84823 0.678752 0.8620584 0.750651 0.871538 0.82691 0.878032885 0.852748 0.90295416

0.663186 0.816814 0.730587 0.8342501 0.80292 0.846637 0.879517 0.855519221 0.907039 0.88243247
0.714602 0.785398 0.781915 0.8064418 0.854265 0.821736 0.930834 0.833005558 0.95982 0.86191079
0.766018 0.753982 0.832682 0.7786334 0.904597 0.796835 0.980753 0.810491894 1.010979 0.8413891
0.817434 0.722566 0.882826 0.7508251 0.953819 0.771934 1.029155 0.78797823 1.060397 0.82086741
0.86885 0.69115 0.932274 0.7230168 1.00182 0.747033 1.075906 0.765464566 1.107937 0.80034573

0.920266 0.659734 0.980943 0.6952084 1.048475 0.722132 1.120855 0.742950903 1.153453 0.77982404
0.971681 0.628319 1.028736 0.6674001 1.093637 0.697231 1.163833 0.720437239 1.196781 0.75930236
1.023097 0.596903 1.075538 0.6395917 1.137142 0.67233 1.20465 0.697923575 1.237737 0.73878067
1.074513 0.565487 1.121215 0.6117834 1.178799 0.647429 1.24309 0.675409912 1.276119 0.71825899
1.125929 0.534071 1.165605 0.5839751 1.218385 0.622527 1.278907 0.652896248 1.311699 0.6977373
1.177345 0.502655 1.208516 0.5561667 1.255642 0.597626 1.31182 0.630382584 1.344223 0.67721562
1.228761 0.471239 1.249714 0.5283584 1.290267 0.572725 1.341505 0.60786892 1.373404 0.65669393
1.280177 0.439823 1.288914 0.5005501 1.321899 0.547824 1.367591 0.585355257 1.398919 0.63617225
1.331593 0.408407 1.325762 0.4727417 1.350112 0.522923 1.389646 0.562841593 1.420401 0.61565056
1.383009 0.376991 1.359818 0.4449334 1.374392 0.498022 1.407166 0.540327929 1.437432 0.59512888
1.434425 0.345575 1.390524 0.417125 1.394119 0.473121 1.41956 0.517814265 1.449537 0.57460719
1.485841 0.314159 1.417161 0.3893167 1.408534 0.44822 1.426127 0.495300602 1.456168 0.5540855
1.537257 0.282743 1.438791 0.3615084 1.4167 0.423319 1.426037 0.472786938 1.456692 0.53356382
1.588673 0.251327 1.454162 0.3337 1.417444 0.398418 1.41829 0.450273274 1.450378 0.51304213
1.640089 0.219911 1.461568 0.3058917 1.409283 0.373516 1.401677 0.427759611 1.43637 0.49252045
1.691504 0.188496 1.458617 0.2780834 1.390307 0.348615 1.374722 0.405245947 1.413665 0.47199876
1.74292 0.15708 1.441858 0.250275 1.358022 0.323714 1.335597 0.382732283 1.381077 0.45147708

1.794336 0.125664 1.406114 0.2224667 1.3091 0.298813 1.282023 0.360218619 1.337194 0.43095539
1.845752 0.094248 1.343247 0.1946584 1.239005 0.273912 1.211108 0.337704956 1.280322 0.41043371
1.897168 0.062832 1.239696 0.16685 1.141382 0.249011
1.948584 0.031416 1.071052 0.1390417
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Table A.2: Frequency vs Power at the Normalized voltage v̂ varying from 1.5 to 1.9

v̂
1.5 1.6 1.7 1.8 1.9

Power Frequency Power Frequency Power Frequency Power Frequency Power Frequency

0.879792 0.922985 0.907866 0.93874764 0.996743 0.9364478 1.088704 0.93380546 1.122564 0.94488393
0.936032 0.904173 0.96601 0.92194602 1.055333 0.9204791 1.147348 0.91874408 1.183327 0.93094119
0.990585 0.885336 1.022546 0.90455081 1.111877 0.9043303 1.20361 0.9036827 1.241644 0.91683602
1.04333 0.866499 1.077108 0.8871556 1.166179 0.8881816 1.257368 0.88862132 1.297326 0.90273085

1.094146 0.847662 1.129579 0.86976039 1.218114 0.8720328 1.308493 0.87355994 1.350247 0.88862568
1.142903 0.828825 1.179829 0.85236518 1.26755 0.855884 1.356846 0.85849856 1.400273 0.87452051
1.189455 0.809988 1.22772 0.83496998 1.314341 0.8397353 1.402278 0.84343719 1.447262 0.86041534
1.233647 0.791151 1.273103 0.81757477 1.358332 0.8235865 1.444632 0.82837581 1.491063 0.84631017
1.275305 0.772314 1.315811 0.80017956 1.399355 0.8074378 1.483734 0.81331443 1.531512 0.832205
1.314238 0.753477 1.355669 0.78278435 1.437228 0.791289 1.519402 0.79825305 1.568436 0.81809983
1.350239 0.73464 1.392481 0.76538914 1.471755 0.7751403 1.551437 0.78319167 1.601651 0.80399466
1.383074 0.715803 1.426035 0.74799394 1.502722 0.7589915 1.579625 0.76813029 1.630957 0.78988949
1.412487 0.696967 1.456098 0.73059873 1.529896 0.7428428 1.603736 0.75306892 1.656141 0.77578432
1.438194 0.67813 1.482414 0.71320352 1.553025 0.726694 1.62352 0.73800754 1.676974 0.76167915
1.459876 0.659293 1.504703 0.69580831 1.571833 0.7105452 1.638706 0.72294616 1.69321 0.74757398
1.477178 0.640456 1.522655 0.67841311 1.586018 0.6943965 1.649002 0.70788478 1.704583 0.73346881
1.489703 0.621619 1.535928 0.6610179 1.595251 0.6782477 1.654088 0.6928234 1.710809 0.71936365
1.497002 0.602782 1.544141 0.64362269 1.599169 0.662099 1.653617 0.67776202 1.711577 0.70525848
1.498569 0.583945 1.546874 0.62622748 1.597374 0.6459502 1.64721 0.66270065 1.706553 0.69115331
1.493831 0.565108 1.543657 0.60883227 1.589425 0.6298015 1.634452 0.64763927 1.695376 0.67704814
1.482137 0.546271 1.533964 0.59143707 1.574837 0.6136527 1.614891 0.63257789 1.677653 0.66294297
1.462741 0.527434 1.517207 0.57404186 1.553072 0.597504 1.588028 0.61751651 1.652957 0.6488378
1.434787 0.508597 1.492724 0.55664665 1.523531 0.5813552 1.553316 0.60245513 1.620823 0.63473263
1.397287 0.48976 1.459767 0.53925144 1.485549 0.5652064
1.349096 0.470923 1.417489 0.52185624
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Table A.3: Frequency vs Power at the Normalized voltage v̂ varying from 2.0 to 2.4

v̂
2.0 2.1 2.2 2.3 2.4

Power Frequency Power Frequency Power Frequency Power Frequency Power Frequency

1.219677 0.9413388 1.219677 0.941338837 1.293245 0.957708 1.397247 0.95342993 1.436698 0.959684
1.280124 0.9280805 1.280124 0.928080543 1.357997 0.946136 1.461249 0.94221311 1.502823 0.949146
1.337807 0.9148222 1.337807 0.91482225 1.419851 0.934309 1.522001 0.93099629 1.565635 0.938482
1.392605 0.901564 1.392605 0.901563956 1.478575 0.922483 1.579384 0.91977946 1.624961 0.927817
1.444387 0.8883057 1.444387 0.888305663 1.534048 0.910656 1.633274 0.90856264 1.680678 0.917153
1.493017 0.8750474 1.493017 0.875047369 1.586141 0.898829 1.683538 0.89734582 1.732661 0.906488
1.53835 0.8617891 1.53835 0.861789076 1.634719 0.887003 1.73004 0.886129 1.780775 0.895823

1.580231 0.8485308 1.580231 0.848530783 1.679638 0.875176 1.772634 0.87491217 1.82488 0.885159
1.618495 0.8352725 1.618495 0.835272489 1.72075 0.863349 1.811169 0.86369535 1.86483 0.874494
1.652968 0.8220142 1.652968 0.822014196 1.757896 0.851523 1.845485 0.85247853 1.900471 0.86383
1.683463 0.8087559 1.683463 0.808755902 1.790907 0.839696 1.875412 0.84126171 1.931642 0.853165
1.709781 0.7954976 1.709781 0.795497609 1.819606 0.827869 1.900772 0.83004488 1.958172 0.842501
1.731709 0.7822393 1.731709 0.782239315 1.843807 0.816042 1.921379 0.81882806 1.979883 0.831836
1.749022 0.768981 1.749022 0.768981022 1.86331 0.804216 1.937033 0.80761124 1.996588 0.821171
1.761475 0.7557227 1.761475 0.755722728 1.877905 0.792389 1.947526 0.79639441 2.008088 0.810507
1.768809 0.7424644 1.768809 0.742464435 1.88737 0.780562 1.952637 0.78517759 2.014176 0.799842
1.770743 0.7292061 1.770743 0.729206141 1.891467 0.768736 1.95213 0.77396077 2.014632 0.789178
1.76698 0.7159478 1.76698 0.715947848 1.889945 0.756909 1.94576 0.76274395 2.009225 0.778513

1.757194 0.7026896 1.757194 0.702689554 1.882536 0.745082 1.933262 0.75152712 1.99771 0.767849
1.741041 0.6894313 1.741041 0.689431261 1.868956 0.733256 1.914359 0.7403103 1.97983 0.757184
1.718143 0.676173 1.718143 0.676172967 1.8489 0.721429 1.888755 0.72909348 1.955311 0.74652
1.688098 0.6629147 1.688098 0.662914674 1.822045 0.709602
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Table A.4: Frequency vs Power at the Normalized voltage v̂ varying from 2.5 to 2.9

v̂
2.5 2.6 2.7 2.8 2.9

Power Frequency Power Frequency Power Frequency Power Frequency Power Frequency

1.476245 0.9651931 1.58635 0.9606497 1.62828 0.9653685 1.670263 0.96958561 1.78563 0.9650385
1.544532 0.9552561 1.653352 0.95095925 1.697373 0.9561828 1.741471 0.96085163 1.854995 0.95649833
1.60943 0.9450938 1.716639 0.94125558 1.76267 0.9468995 1.808796 0.95195485 1.920175 0.94795817

1.670725 0.9349315 1.776089 0.93155191 1.824016 0.9376162 1.872052 0.94305808 1.981057 0.93941801
1.728298 0.9247692 1.83158 0.92184825 1.88129 0.9283329 1.931123 0.9341613 2.037523 0.93087784
1.782024 0.9146069 1.882987 0.91214458 1.934369 0.9190495 1.98589 0.92526453 2.089449 0.92233768
1.831775 0.9044446 1.930177 0.90244092 1.983126 0.9097662 2.036226 0.91636776 2.136709 0.91379751
1.877413 0.8942823 1.973013 0.89273725 2.027427 0.9004829 2.082002 0.90747098 2.17917 0.90525735
1.918798 0.88412 2.011352 0.88303358 2.067132 0.8911995 2.123081 0.89857421 2.216695 0.89671719
1.955782 0.8739577 2.045043 0.87332992 2.102096 0.8819162 2.159324 0.88967743 2.249142 0.88817702
1.988208 0.8637954 2.073931 0.86362625 2.132167 0.8726329 2.190582 0.88078066 2.276363 0.87963686
2.015914 0.8536331 2.09785 0.85392259 2.157189 0.8633496 2.216704 0.87188388 2.298205 0.8710967
2.03873 0.8434708 2.116631 0.84421892 2.176996 0.8540662 2.237532 0.86298711 2.314506 0.86255653

2.056477 0.8333085 2.130093 0.83451526 2.191417 0.8447829 2.252898 0.85409034 2.325102 0.85401637
2.068966 0.8231462 2.138049 0.82481159 2.200271 0.8354996 2.262632 0.84519356 2.32982 0.84547621
2.076001 0.8129839 2.140302 0.81510792 2.203372 0.8262162 2.266553 0.83629679 2.328478 0.83693604
2.077375 0.8028216 2.136646 0.80540426 2.200523 0.8169329 2.264474 0.82740001 2.320891 0.82839588
2.072869 0.7926593 2.126866 0.79570059 2.191519 0.8076496 2.256199 0.81850324 2.306863 0.81985571
2.062255 0.782497 2.110733 0.78599693 2.176145 0.7983663 2.241523 0.80960646 2.28619 0.81131555
2.045292 0.7723347 2.08801 0.77629326 2.154177 0.7890829 2.220234 0.80070969
2.021725 0.7621724
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Table A.5: Frequency vs Power at the Normalized voltage v̂ varying from 3.0 to 3.4

v̂
3.0 3.1 3.2 3.3 3.4

Power Frequency Power Frequency Power Frequency Power Frequency Power Frequency

1.82985536 0.9687559 1.874116 0.97210624 1.9184 0.97514204 2.040264 0.9707096 2.086666 0.9734557
1.90125255 0.9605946 1.947556 0.96429858 1.993896 0.96765691 2.113244 0.9633558 2.161602 0.9663854
1.96836907 0.9523844 2.016619 0.9563945 2.064914 0.96003757 2.181464 0.9560019 2.231676 0.9592797
2.03107266 0.9441742 2.081154 0.94849041 2.131288 0.95241822 2.244814 0.9486481 2.296763 0.9521739
2.0892472 0.935964 2.141046 0.94058632 2.192905 0.94479888 2.303179 0.9412942 2.356753 0.9450681

2.14277244 0.9277538 2.196178 0.93268224 2.249651 0.93717953 2.356441 0.9339403 2.411528 0.9379623
2.19152386 0.9195436 2.246428 0.92477815 2.301404 0.92956018 2.40448 0.9265865 2.46097 0.9308566
2.23537242 0.9113334 2.291669 0.91687406 2.348042 0.92194084 2.447168 0.9192326 2.504955 0.9237508
2.27418442 0.9031232 2.331771 0.90896998 2.389436 0.91432149 2.484378 0.9118788 2.543357 0.916645
2.30782124 0.8949129 2.366598 0.90106589 2.425455 0.90670215 2.515976 0.9045249 2.576044 0.9095392
2.33613911 0.8867027 2.396011 0.8931618 2.455961 0.8990828 2.541823 0.897171 2.602882 0.9024335
2.35898892 0.8784925 2.419864 0.88525772 2.480813 0.89146346 2.561777 0.8898172 2.623732 0.8953277
2.3762159 0.8702823 2.438008 0.87735363 2.499866 0.88384411 2.575691 0.8824633 2.638449 0.8882219
2.3876594 0.8620721 2.450286 0.86944954 2.512966 0.87622476 2.583412 0.8751095 2.646886 0.8811161

2.39315259 0.8538619 2.456537 0.86154546 2.519959 0.86860542 2.584783 0.8677556 2.648889 0.8740104
2.39252216 0.8456517 2.456593 0.85364137 2.520682 0.86098607 2.579641 0.8604017 2.644299 0.8669046

2.385588 0.8374415 2.450282 0.84573728 2.514967 0.85336673 2.567817 0.8530479 2.632954 0.8597988
2.37216288 0.8292313 2.437422 0.8378332 2.50264 0.84574738 2.549138 0.845694 2.614685 0.852693
2.35205206 0.8210211 2.417827 0.82992911 2.483521 0.83812803
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Table A.6: Frequency vs Power at the Normalized voltage v̂ varying from 3.5 to 4.0

v̂
3.5 3.6 3.7 3.8 3.9 4.0

Power Frequency Power Frequency Power Frequency Power Frequency Power Frequency Power Frequency

2.133081 0.9759653 2.179505 0.97826478 2.306786 0.97403694 2.355205 0.9761797 2.403634 0.97814169 2.452064 0.979956
2.209982 0.9691579 2.258378 0.9717005 2.382451 0.96758636 2.43274 0.9699304 2.483038 0.97209641 2.533343 0.974101
2.281914 0.9622845 2.332174 0.96504502 2.452781 0.96113578 2.504826 0.9636728 2.556884 0.9660208 2.608951 0.968198
2.348745 0.955411 2.400753 0.95838954 2.517669 0.95468521 2.571354 0.9574152 2.625055 0.9599452 2.678767 0.962294
2.410363 0.9485375 2.464004 0.95173406 2.577004 0.94823463 2.632215 0.9511576 2.687443 0.9538696 2.742686 0.95639
2.466655 0.9416641 2.521816 0.94507857 2.630672 0.94178406 2.687295 0.9448999 2.743937 0.947794 2.800596 0.950487
2.517503 0.9347906 2.574073 0.93842309 2.678554 0.93533348 2.736479 0.9386423 2.794424 0.94171839 2.852385 0.944583
2.562786 0.9279172 2.620655 0.93176761 2.720532 0.92888291 2.779648 0.9323847 2.838785 0.93564279 2.897938 0.938679
2.60238 0.9210437 2.661441 0.92511212 2.75648 0.92243233 2.816681 0.9261271 2.876901 0.92956719 2.937136 0.932776

2.636156 0.9141702 2.696304 0.91845664 2.786272 0.91598175 2.847452 0.9198695 2.908649 0.92349159 2.969859 0.926872
2.663982 0.9072968 2.725114 0.91180116 2.809777 0.90953118 2.871833 0.9136119 2.933902 0.91741598 2.99598 0.920969
2.685721 0.9004233 2.747738 0.90514568 2.826859 0.9030806 2.889691 0.9073542 2.95253 0.91134038 3.015373 0.915065
2.701234 0.8935499 2.764039 0.89849019 2.837381 0.89663003 2.90089 0.9010966 2.964399 0.90526478 3.027907 0.909161
2.710375 0.8866764 2.773875 0.89183471 2.841199 0.89017945 2.905291 0.894839 2.969374 0.89918918 3.033446 0.903258
2.712995 0.8798029 2.7771 0.88517923 2.838167 0.88372888 2.90275 0.8885814 2.967312 0.89311357 3.031853 0.897354
2.708941 0.8729295 2.773564 0.87852374 2.828133 0.8772783 2.893119 0.8823238 2.95807 0.88703797 3.022987 0.89145
2.698052 0.866056 2.763111 0.87186826 2.810943 0.87082772 2.876247 0.8760662 2.941499 0.88096237 3.006701 0.885547
2.680166 0.8591826 2.745584 0.86521278
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Table A.7: Maximum Power, Maximum Frequency and Maximum expected load at
each level of Normalize voltage v̂.

v̂ Max. Power Max. Frequency Max. Load

1.0 1.948584073 0.031415927 0.513193151
1.1 1.461567576 0.305891703 0.827878245
1.2 1.417443975 0.398417548 1.015913168
1.3 1.426127436 0.495300602 1.185027339
1.4 1.456692076 0.533563819 1.345514287
1.5 1.498568802 0.583944955 1.501432565
1.6 1.546873979 0.626227482 1.654950587
1.7 1.599169246 0.662098982 1.80718833
1.8 1.654088175 0.692823402 1.958783122
1.9 1.711576638 0.705258476 2.109166437
2.0 1.770743457 0.729206141 2.258938179
2.1 1.83078292 0.750206148 2.408805518
2.2 1.891467209 0.768735653 2.558860115
2.3 1.952636505 0.785177592 2.709157586
2.4 2.014631983 0.789177802 2.859082973
2.5 2.077374547 0.802821587 3.008605266
2.6 2.140302049 0.815107924 3.158432709
2.7 2.203372318 0.826216241 3.308564758
2.8 2.266553158 0.836296787 3.458996747
2.9 2.32981971 0.845476205 3.609721373
3.0 2.393152588 0.853861896 3.760729694
3.1 2.456593171 0.853641369 3.911921645
3.2 2.52068241 0.860986072 4.062391977
3.3 2.584782734 0.867755591 4.213120065
3.4 2.648888527 0.874010362 4.364094555
3.5 2.712995366 0.879802941 4.515304431
3.6 2.777099761 0.885179226 4.666739085
3.7 2.841198962 0.890179452 4.818388358
3.8 2.905290807 0.894839017 4.970242554
3.9 2.969373604 0.899189177 5.122292453
4.0 3.033446039 0.903257615 5.274529296
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Table A.8: Duty vs Power at the Normalized voltage v̂ varying from 1.0 to 1.4

v̂
1.0 1.1 1.2 1.3 1.4

Power Duty Power Duty Power Duty Power Duty Power Duty

0.560354 0.22 0.626457 0.23 0.697533 0.24 0.773109 0.25 0.797236 0.25
0.61177 0.23 0.678752 0.24 0.750651 0.25 0.82691 0.26 0.852748 0.26

0.663186 0.24 0.730587 0.25 0.80292 0.26 0.879517 0.27 0.907039 0.27
0.714602 0.25 0.781915 0.26 0.854265 0.27 0.930834 0.28 0.95982 0.28
0.766018 0.26 0.832682 0.27 0.904597 0.28 0.980753 0.29 1.010979 0.29
0.817434 0.27 0.882826 0.28 0.953819 0.29 1.029155 0.3 1.060397 0.3
0.86885 0.28 0.932274 0.29 1.00182 0.3 1.075906 0.31 1.107937 0.31

0.920266 0.29 0.980943 0.3 1.048475 0.31 1.120855 0.32 1.153453 0.32
0.971681 0.3 1.028736 0.31 1.093637 0.32 1.163833 0.33 1.196781 0.33
1.023097 0.31 1.075538 0.32 1.137142 0.33 1.20465 0.34 1.237737 0.34
1.074513 0.32 1.121215 0.33 1.178799 0.34 1.24309 0.35 1.276119 0.35
1.125929 0.33 1.165605 0.34 1.218385 0.35 1.278907 0.36 1.311699 0.36
1.177345 0.34 1.208516 0.35 1.255642 0.36 1.31182 0.37 1.344223 0.37
1.228761 0.35 1.249714 0.36 1.290267 0.37 1.341505 0.38 1.373404 0.38
1.280177 0.36 1.288914 0.37 1.321899 0.38 1.367591 0.39 1.398919 0.39
1.331593 0.37 1.325762 0.38 1.350112 0.39 1.389646 0.4 1.420401 0.4
1.383009 0.38 1.359818 0.39 1.374392 0.4 1.407166 0.41 1.437432 0.41
1.434425 0.39 1.390524 0.4 1.394119 0.41 1.41956 0.42 1.449537 0.42
1.485841 0.4 1.417161 0.41 1.408534 0.42 1.426127 0.43 1.456168 0.43
1.537257 0.41 1.438791 0.42 1.4167 0.43 1.426037 0.44 1.456692 0.44
1.588673 0.42 1.454162 0.43 1.417444 0.44 1.41829 0.45 1.450378 0.45
1.640089 0.43 1.461568 0.44 1.409283 0.45 1.401677 0.46 1.43637 0.46
1.691504 0.44 1.458617 0.45 1.390307 0.46 1.374722 0.47 1.413665 0.47
1.74292 0.45 1.441858 0.46 1.358022 0.47 1.335597 0.48 1.381077 0.48

1.794336 0.46 1.406114 0.47 1.3091 0.48 1.282023 0.49 1.337194 0.49
1.845752 0.47 1.343247 0.48 1.239005 0.49 1.211108 0.5 1.280322 0.5
1.897168 0.48 1.239696 0.49 1.141382 0.5
1.948584 0.49 1.071052 0.5
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Table A.9: Duty vs Power at the Normalized voltage v̂ varying from 1.5 to 1.9

v̂
1.5 1.6 1.7 1.8 1.9

Power Duty Power Duty Power Duty Power Duty Power Duty

0.879792 0.26 0.907866 0.26 0.996743 0.27 1.088704 0.28 1.122564 0.28
0.936032 0.27 0.96601 0.27 1.055333 0.28 1.147348 0.29 1.183327 0.29
0.990585 0.28 1.022546 0.28 1.111877 0.29 1.20361 0.3 1.241644 0.3
1.04333 0.29 1.077108 0.29 1.166179 0.3 1.257368 0.31 1.297326 0.31

1.094146 0.3 1.129579 0.3 1.218114 0.31 1.308493 0.32 1.350247 0.32
1.142903 0.31 1.179829 0.31 1.26755 0.32 1.356846 0.33 1.400273 0.33
1.189455 0.32 1.22772 0.32 1.314341 0.33 1.402278 0.34 1.447262 0.34
1.233647 0.33 1.273103 0.33 1.358332 0.34 1.444632 0.35 1.491063 0.35
1.275305 0.34 1.315811 0.34 1.399355 0.35 1.483734 0.36 1.531512 0.36
1.314238 0.35 1.355669 0.35 1.437228 0.36 1.519402 0.37 1.568436 0.37
1.350239 0.36 1.392481 0.36 1.471755 0.37 1.551437 0.38 1.601651 0.38
1.383074 0.37 1.426035 0.37 1.502722 0.38 1.579625 0.39 1.630957 0.39
1.412487 0.38 1.456098 0.38 1.529896 0.39 1.603736 0.4 1.656141 0.4
1.438194 0.39 1.482414 0.39 1.553025 0.4 1.62352 0.41 1.676974 0.41
1.459876 0.4 1.504703 0.4 1.571833 0.41 1.638706 0.42 1.69321 0.42
1.477178 0.41 1.522655 0.41 1.586018 0.42 1.649002 0.43 1.704583 0.43
1.489703 0.42 1.535928 0.42 1.595251 0.43 1.654088 0.44 1.710809 0.44
1.497002 0.43 1.544141 0.43 1.599169 0.44 1.653617 0.45 1.711577 0.45
1.498569 0.44 1.546874 0.44 1.597374 0.45 1.64721 0.46 1.706553 0.46
1.493831 0.45 1.543657 0.45 1.589425 0.46 1.634452 0.47 1.695376 0.47
1.482137 0.46 1.533964 0.46 1.574837 0.47 1.614891 0.48 1.677653 0.48
1.462741 0.47 1.517207 0.47 1.553072 0.48 1.588028 0.49 1.652957 0.49
1.434787 0.48 1.492724 0.48 1.523531 0.49 1.553316 0.5 1.620823 0.5
1.397287 0.49 1.459767 0.49 1.485549 0.5
1.349096 0.5 1.417489 0.5
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Table A.10: Duty vs Power at the Normalized voltage v̂ varying from 2.0 to 2.4

v̂
2.0 2.1 2.2 2.3 2.4

Power Duty Power Duty Power Duty Power Duty Power Duty

1.219677 0.29 1.25634 0.29 1.293245 0.29 1.397247 0.3 1.436698 0.3
1.280124 0.3 1.318935 0.3 1.357997 0.3 1.461249 0.31 1.502823 0.31
1.337807 0.31 1.37868 0.31 1.419851 0.31 1.522001 0.32 1.565635 0.32
1.392605 0.32 1.435417 0.32 1.478575 0.32 1.579384 0.33 1.624961 0.33
1.444387 0.33 1.489019 0.33 1.534048 0.33 1.633274 0.34 1.680678 0.34
1.493017 0.34 1.539356 0.34 1.586141 0.34 1.683538 0.35 1.732661 0.35
1.53835 0.35 1.586286 0.35 1.634719 0.35 1.73004 0.36 1.780775 0.36

1.580231 0.36 1.629662 0.36 1.679638 0.36 1.772634 0.37 1.82488 0.37
1.618495 0.37 1.669327 0.37 1.72075 0.37 1.811169 0.38 1.86483 0.38
1.652968 0.38 1.705115 0.38 1.757896 0.38 1.845485 0.39 1.900471 0.39
1.683463 0.39 1.736849 0.39 1.790907 0.39 1.875412 0.4 1.931642 0.4
1.709781 0.4 1.764343 0.4 1.819606 0.4 1.900772 0.41 1.958172 0.41
1.731709 0.41 1.787397 0.41 1.843807 0.41 1.921379 0.42 1.979883 0.42
1.749022 0.42 1.805801 0.42 1.86331 0.42 1.937033 0.43 1.996588 0.43
1.761475 0.43 1.819329 0.43 1.877905 0.43 1.947526 0.44 2.008088 0.44
1.768809 0.44 1.827742 0.44 1.88737 0.44 1.952637 0.45 2.014176 0.45
1.770743 0.45 1.830783 0.45 1.891467 0.45 1.95213 0.46 2.014632 0.46
1.76698 0.46 1.82818 0.46 1.889945 0.46 1.94576 0.47 2.009225 0.47

1.757194 0.47 1.81964 0.47 1.882536 0.47 1.933262 0.48 1.99771 0.48
1.741041 0.48 1.804852 0.48 1.868956 0.48 1.914359 0.49 1.97983 0.49
1.718143 0.49 1.78348 0.49 1.8489 0.49 1.888755 0.5 1.955311 0.5
1.688098 0.5 1.755166 0.5 1.822045 0.5
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Table A.11: Duty vs Power at the Normalized voltage v̂ varying from 2.5 to 2.9

v̂
2.5 2.6 2.7 2.8 2.9

Power Duty Power Duty Power Duty Power Duty Power Duty

1.476245 0.3 1.58635 0.31 1.62828 0.31 1.670263 0.31 1.78563 0.32
1.544532 0.31 1.653352 0.32 1.697373 0.32 1.741471 0.32 1.854995 0.33
1.60943 0.32 1.716639 0.33 1.76267 0.33 1.808796 0.33 1.920175 0.34

1.670725 0.33 1.776089 0.34 1.824016 0.34 1.872052 0.34 1.981057 0.35
1.728298 0.34 1.83158 0.35 1.88129 0.35 1.931123 0.35 2.037523 0.36
1.782024 0.35 1.882987 0.36 1.934369 0.36 1.98589 0.36 2.089449 0.37
1.831775 0.36 1.930177 0.37 1.983126 0.37 2.036226 0.37 2.136709 0.38
1.877413 0.37 1.973013 0.38 2.027427 0.38 2.082002 0.38 2.17917 0.39
1.918798 0.38 2.011352 0.39 2.067132 0.39 2.123081 0.39 2.216695 0.4
1.955782 0.39 2.045043 0.4 2.102096 0.4 2.159324 0.4 2.249142 0.41
1.988208 0.4 2.073931 0.41 2.132167 0.41 2.190582 0.41 2.276363 0.42
2.015914 0.41 2.09785 0.42 2.157189 0.42 2.216704 0.42 2.298205 0.43
2.03873 0.42 2.116631 0.43 2.176996 0.43 2.237532 0.43 2.314506 0.44

2.056477 0.43 2.130093 0.44 2.191417 0.44 2.252898 0.44 2.325102 0.45
2.068966 0.44 2.138049 0.45 2.200271 0.45 2.262632 0.45 2.32982 0.46
2.076001 0.45 2.140302 0.46 2.203372 0.46 2.266553 0.46 2.328478 0.47
2.077375 0.46 2.136646 0.47 2.200523 0.47 2.264474 0.47 2.320891 0.48
2.072869 0.47 2.126866 0.48 2.191519 0.48 2.256199 0.48 2.306863 0.49
2.062255 0.48 2.110733 0.49 2.176145 0.49 2.241523 0.49 2.28619 0.5
2.045292 0.49 2.08801 0.5 2.154177 0.5 2.220234 0.5
2.021725 0.5
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Table A.12: Duty vs Power at the Normalized voltage v̂ varying from 3.0 to 3.4

v̂
3.0 3.1 3.2 3.3 3.4

Power Duty Power Duty Power Duty Power Duty Power Duty

1.829855 0.32 1.874116 0.32 1.9184 0.32 2.040264 0.33 2.086666 0.33
1.901253 0.33 1.947556 0.33 1.993896 0.33 2.113244 0.34 2.161602 0.34
1.968369 0.34 2.016619 0.34 2.064914 0.34 2.181464 0.35 2.231676 0.35
2.031073 0.35 2.081154 0.35 2.131288 0.35 2.244814 0.36 2.296763 0.36
2.089247 0.36 2.141046 0.36 2.192905 0.36 2.303179 0.37 2.356753 0.37
2.142772 0.37 2.196178 0.37 2.249651 0.37 2.356441 0.38 2.411528 0.38
2.191524 0.38 2.246428 0.38 2.301404 0.38 2.40448 0.39 2.46097 0.39
2.235372 0.39 2.291669 0.39 2.348042 0.39 2.447168 0.4 2.504955 0.4
2.274184 0.4 2.331771 0.4 2.389436 0.4 2.484378 0.41 2.543357 0.41
2.307821 0.41 2.366598 0.41 2.425455 0.41 2.515976 0.42 2.576044 0.42
2.336139 0.42 2.396011 0.42 2.455961 0.42 2.541823 0.43 2.602882 0.43
2.358989 0.43 2.419864 0.43 2.480813 0.43 2.561777 0.44 2.623732 0.44
2.376216 0.44 2.438008 0.44 2.499866 0.44 2.575691 0.45 2.638449 0.45
2.387659 0.45 2.450286 0.45 2.512966 0.45 2.583412 0.46 2.646886 0.46
2.393153 0.46 2.456537 0.46 2.519959 0.46 2.584783 0.47 2.648889 0.47
2.392522 0.47 2.456593 0.47 2.520682 0.47 2.579641 0.48 2.644299 0.48
2.385588 0.48 2.450282 0.48 2.514967 0.48 2.567817 0.49 2.632954 0.49
2.372163 0.49 2.437422 0.49 2.50264 0.49 2.549138 0.5 2.614685 0.5
2.352052 0.5 2.417827 0.5 2.483521 0.5
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Table A.13: Duty vs Power at the Normalized voltage v̂ varying from 3.5 to 4.0

v̂
3.5 3.6 3.7 3.8 3.9 4.0

Power Duty Power Duty Power Duty Power Duty Power Duty Power Duty

2.133081 0.33 2.179505 0.33 2.306786 0.34 2.355205 0.34 2.403634 0.34 2.452064 0.34
2.209982 0.34 2.258378 0.34 2.382451 0.35 2.43274 0.35 2.483038 0.35 2.533343 0.35
2.281914 0.35 2.332174 0.35 2.452781 0.36 2.504826 0.36 2.556884 0.36 2.608951 0.36
2.348745 0.36 2.400753 0.36 2.517669 0.37 2.571354 0.37 2.625055 0.37 2.678767 0.37
2.410363 0.37 2.464004 0.37 2.577004 0.38 2.632215 0.38 2.687443 0.38 2.742686 0.38
2.466655 0.38 2.521816 0.38 2.630672 0.39 2.687295 0.39 2.743937 0.39 2.800596 0.39
2.517503 0.39 2.574073 0.39 2.678554 0.4 2.736479 0.4 2.794424 0.4 2.852385 0.4
2.562786 0.4 2.620655 0.4 2.720532 0.41 2.779648 0.41 2.838785 0.41 2.897938 0.41
2.60238 0.41 2.661441 0.41 2.75648 0.42 2.816681 0.42 2.876901 0.42 2.937136 0.42

2.636156 0.42 2.696304 0.42 2.786272 0.43 2.847452 0.43 2.908649 0.43 2.969859 0.43
2.663982 0.43 2.725114 0.43 2.809777 0.44 2.871833 0.44 2.933902 0.44 2.99598 0.44
2.685721 0.44 2.747738 0.44 2.826859 0.45 2.889691 0.45 2.95253 0.45 3.015373 0.45
2.701234 0.45 2.764039 0.45 2.837381 0.46 2.90089 0.46 2.964399 0.46 3.027907 0.46
2.710375 0.46 2.773875 0.46 2.841199 0.47 2.905291 0.47 2.969374 0.47 3.033446 0.47
2.712995 0.47 2.7771 0.47 2.838167 0.48 2.90275 0.48 2.967312 0.48 3.031853 0.48
2.708941 0.48 2.773564 0.48 2.828133 0.49 2.893119 0.49 2.95807 0.49 3.022987 0.49
2.698052 0.49 2.763111 0.49 2.810943 0.5 2.876247 0.5 2.941499 0.5 3.006701 0.5
2.680166 0.5 2.745584 0.5

191



Chapter A – Tables of Parallel Resonant converter Data

Table A.14: Maximum Power and Maximum Duty at each level of Normalize voltage
v̂.

v̂ Max.Power Duty

1.0 1.948584073 0.49
1.1 1.461567576 0.44
1.2 1.417443975 0.44
1.3 1.426127436 0.43
1.4 1.456692076 0.44
1.5 1.498568802 0.44
1.6 1.546873979 0.44
1.7 1.599169246 0.44
1.8 1.654088175 0.44
1.9 1.711576638 0.45
2.0 1.770743457 0.45
2.1 1.83078292 0.45
2.2 1.891467209 0.45
2.3 1.952636505 0.45
2.4 2.014631983 0.46
2.5 2.077374547 0.46
2.6 2.140302049 0.46
2.7 2.203372318 0.46
2.8 2.266553158 0.46
2.9 2.32981971 0.46
3.0 2.393152588 0.46
3.1 2.456593171 0.47
3.2 2.52068241 0.47
3.3 2.584782734 0.47
3.4 2.648888527 0.47
3.5 2.712995366 0.47
3.6 2.777099761 0.47
3.7 2.841198962 0.47
3.8 2.905290807 0.47
3.9 2.969373604 0.47
4.0 3.033446039 0.47
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Appendix B

Tables of Series Resonant

Converter Data

B.1 Introduction

This appendix illustrates in detailed form the data retrieved from the steady-state

model of the SRC. The same data were used to generate the polynomial model through

numerical analysis i.e B-spline and Data fitting. The data shown in this appendix

are the illustration of the switching period versus the converter output voltage v̂, in

presence of the initial resonant current Î0. The data are in normalized values. As well

as the normalized power p̂ versus the initial resonant current Î0, in the presence of

normalized output voltage v̂. The complete process is detailed in the tables illustrated

in this appendix.
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Chapter B – Tables of Series Resonant Converter Data

Table B.1: Period vs Normalized output voltage v̂ from 0.00 to 0.39 in Presence of Îo
from –0.01 to –0.09.

Î0
-0.01 -0.02 -0.03 -0.04 -0.05 -0.06 -0.07 -0.08 -0.09

v̂ Period
0.00 0.006366 0.019084 0.025431 0.031765 0.038083 0.044383 0.050662 0.056916 0.063143
0.01 0.006366 0.019086 0.025433 0.031768 0.038087 0.044388 0.050667 0.056921 0.063149
0.02 0.006368 0.019092 0.025441 0.031778 0.038099 0.044401 0.050682 0.056938 0.063168
0.03 0.006371 0.019101 0.025454 0.031794 0.038118 0.044423 0.050707 0.056966 0.063199
0.04 0.006376 0.019115 0.025472 0.031816 0.038144 0.044454 0.050742 0.057006 0.063242
0.05 0.006382 0.019132 0.025494 0.031844 0.038178 0.044493 0.050787 0.057056 0.063298
0.06 0.006389 0.019153 0.025523 0.031879 0.03822 0.044542 0.050842 0.057118 0.063366
0.07 0.006397 0.019178 0.025556 0.031921 0.03827 0.0446 0.050908 0.057191 0.063448
0.08 0.006407 0.019207 0.025594 0.031969 0.038327 0.044666 0.050984 0.057276 0.063541
0.09 0.006418 0.01924 0.025638 0.032023 0.038392 0.044742 0.05107 0.057373 0.063648
0.10 0.00643 0.019277 0.025687 0.032084 0.038465 0.044827 0.051167 0.057481 0.063768
0.11 0.006444 0.019318 0.025741 0.032152 0.038546 0.044921 0.051274 0.057601 0.0639
0.12 0.006459 0.019363 0.025801 0.032227 0.038636 0.045025 0.051392 0.057733 0.064046
0.13 0.006475 0.019412 0.025867 0.032308 0.038733 0.045138 0.051521 0.057878 0.064206
0.14 0.006493 0.019465 0.025938 0.032397 0.038839 0.045261 0.051661 0.058034 0.064379
0.15 0.006512 0.019523 0.026014 0.032492 0.038953 0.045394 0.051812 0.058203 0.064566
0.16 0.006533 0.019585 0.026097 0.032595 0.039076 0.045537 0.051974 0.058385 0.064767
0.17 0.006555 0.019651 0.026185 0.032705 0.039208 0.04569 0.052148 0.05858 0.064982
0.18 0.006579 0.019722 0.026279 0.032823 0.039348 0.045853 0.052334 0.058788 0.065212
0.19 0.006604 0.019798 0.02638 0.032948 0.039498 0.046027 0.052532 0.05901 0.065457
0.20 0.006631 0.019878 0.026487 0.033081 0.039657 0.046212 0.052743 0.059245 0.065717
0.21 0.006659 0.019963 0.0266 0.033222 0.039826 0.046408 0.052966 0.059494 0.065992
0.22 0.006689 0.020053 0.02672 0.033371 0.040004 0.046616 0.053201 0.059758 0.066284
0.23 0.006721 0.020148 0.026846 0.033529 0.040193 0.046835 0.05345 0.060037 0.066591
0.24 0.006755 0.020248 0.026979 0.033695 0.040392 0.047065 0.053713 0.060331 0.066916
0.25 0.00679 0.020354 0.02712 0.03387 0.040601 0.047308 0.053989 0.06064 0.067257
0.26 0.006827 0.020465 0.027268 0.034054 0.040821 0.047564 0.05428 0.060965 0.067616
0.27 0.006866 0.020582 0.027423 0.034248 0.041052 0.047833 0.054585 0.061307 0.067994
0.28 0.006907 0.020704 0.027586 0.034451 0.041295 0.048115 0.054906 0.061665 0.06839
0.29 0.00695 0.020833 0.027757 0.034664 0.04155 0.04841 0.055242 0.062041 0.068805
0.30 0.006995 0.020967 0.027936 0.034887 0.041817 0.04872 0.055594 0.062435 0.06924
0.31 0.007042 0.021109 0.028124 0.035121 0.042096 0.049045 0.055963 0.062848 0.069695
0.32 0.007092 0.021256 0.02832 0.035366 0.042389 0.049385 0.05635 0.06328 0.070172
0.33 0.007143 0.021411 0.028526 0.035622 0.042695 0.04974 0.056754 0.063732 0.07067
0.34 0.007198 0.021573 0.028741 0.03589 0.043015 0.050112 0.057176 0.064204 0.071191
0.35 0.007254 0.021742 0.028966 0.03617 0.04335 0.050501 0.057618 0.064698 0.071736
0.36 0.007313 0.021919 0.029201 0.036463 0.0437 0.050907 0.058079 0.065214 0.072305
0.37 0.007375 0.022104 0.029447 0.036769 0.044066 0.051331 0.058562 0.065753 0.0729
0.38 0.00744 0.022297 0.029704 0.037089 0.044448 0.051775 0.059065 0.066316 0.073521
0.39 0.007507 0.022499 0.029972 0.037423 0.044847 0.052238 0.059592 0.066904 0.074169
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Table B.2: Period vs Normalized output voltage v̂ from 0.40 to 0.79 in Presence of Îo
from –0.01 to –0.09.

Î0
-0.01 -0.02 -0.03 -0.04 -0.05 -0.06 -0.07 -0.08 -0.09

v̂ Period
0.40 0.007578 0.02271 0.030253 0.037773 0.045264 0.052722 0.060141 0.067518 0.074847
0.41 0.007652 0.022931 0.030546 0.038138 0.0457 0.053228 0.060715 0.068159 0.075554
0.42 0.007729 0.023161 0.030852 0.038519 0.046155 0.053756 0.061315 0.068829 0.076292
0.43 0.007809 0.023402 0.031172 0.038917 0.046631 0.054307 0.061941 0.069528 0.077063
0.44 0.007893 0.023653 0.031507 0.039333 0.047128 0.054884 0.062596 0.070259 0.077868
0.45 0.007982 0.023917 0.031856 0.039769 0.047647 0.055486 0.063279 0.071022 0.078708
0.46 0.008074 0.024192 0.032222 0.040224 0.04819 0.056116 0.063994 0.071819 0.079587
0.47 0.00817 0.02448 0.032604 0.040699 0.048758 0.056774 0.06474 0.072652 0.080505
0.48 0.008271 0.024781 0.033004 0.041197 0.049352 0.057462 0.065521 0.073524 0.081464
0.49 0.008376 0.025096 0.033423 0.041718 0.049973 0.058182 0.066338 0.074434 0.082467
0.50 0.008487 0.025426 0.033861 0.042263 0.050624 0.058936 0.067192 0.075387 0.083515
0.51 0.008603 0.025772 0.034321 0.042834 0.051305 0.059725 0.068087 0.076385 0.084613
0.52 0.008724 0.026134 0.034802 0.043433 0.052018 0.060551 0.069023 0.077429 0.085761
0.53 0.008851 0.026514 0.035306 0.04406 0.052766 0.061417 0.070005 0.078522 0.086964
0.54 0.008985 0.026913 0.035836 0.044718 0.053551 0.062325 0.071033 0.079669 0.088224
0.55 0.009125 0.027332 0.036392 0.045409 0.054374 0.063278 0.072112 0.08087 0.089545
0.56 0.009273 0.027772 0.036976 0.046135 0.055238 0.064278 0.073245 0.082131 0.090931
0.57 0.009428 0.028235 0.03759 0.046897 0.056147 0.065329 0.074435 0.083456 0.092385
0.58 0.009591 0.028722 0.038236 0.0477 0.057103 0.066434 0.075685 0.084847 0.093913
0.59 0.009763 0.029235 0.038916 0.048545 0.058108 0.067597 0.077 0.08631 0.095519
0.60 0.009945 0.029776 0.039633 0.049435 0.059168 0.068821 0.078384 0.087849 0.097208
0.61 0.010136 0.030346 0.04039 0.050374 0.060285 0.070112 0.079843 0.089471 0.098986
0.62 0.010339 0.030949 0.041189 0.051366 0.061465 0.071474 0.081382 0.09118 0.10086
0.63 0.010553 0.031587 0.042035 0.052414 0.062711 0.072912 0.083007 0.092984 0.102837
0.64 0.01078 0.032263 0.042929 0.053523 0.064029 0.074434 0.084724 0.09489 0.104924
0.65 0.01102 0.032979 0.043878 0.054699 0.065426 0.076044 0.086541 0.096906 0.107131
0.66 0.011276 0.033739 0.044885 0.055946 0.066907 0.077751 0.088466 0.09904 0.109466
0.67 0.011548 0.034548 0.045955 0.057272 0.06848 0.079563 0.090508 0.101303 0.11194
0.68 0.011838 0.035409 0.047094 0.058682 0.070153 0.08149 0.092678 0.103706 0.114565
0.69 0.012147 0.036328 0.04831 0.060185 0.071935 0.08354 0.094986 0.10626 0.117354
0.70 0.012478 0.03731 0.049608 0.061791 0.073837 0.085727 0.097446 0.108981 0.120323
0.71 0.012832 0.038362 0.050997 0.063508 0.07587 0.088063 0.100071 0.111882 0.123486
0.72 0.013213 0.039491 0.052488 0.065349 0.078048 0.090563 0.102879 0.114982 0.126864
0.73 0.013622 0.040705 0.05409 0.067326 0.080385 0.093245 0.105888 0.118301 0.130476
0.74 0.014064 0.042014 0.055816 0.069455 0.082899 0.096126 0.109118 0.121861 0.134348
0.75 0.014543 0.04343 0.057681 0.071752 0.08561 0.09923 0.112594 0.125688 0.138507
0.76 0.015062 0.044964 0.059702 0.074239 0.088541 0.102582 0.116343 0.129812 0.142984
0.77 0.015627 0.046633 0.061897 0.076937 0.091718 0.106211 0.120398 0.134268 0.147816
0.78 0.016245 0.048453 0.064289 0.079876 0.095173 0.110153 0.124796 0.139094 0.153044
0.79 0.016922 0.050447 0.066906 0.083085 0.098942 0.114446 0.129581 0.144338 0.158718
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Table B.3: Period vs Normalized output voltage v̂ from 0.79 to 0.99 in Presence of Îo
from –0.01 to –0.09.

Î0
-0.01 -0.02 -0.03 -0.04 -0.05 -0.06 -0.07 -0.08 -0.09

v̂ Period
0.80 0.017668 0.052639 0.06978 0.086605 0.103068 0.11914 0.134803 0.150054 0.164896
0.81 0.018494 0.055061 0.072949 0.09048 0.107603 0.124289 0.140525 0.156308 0.171647
0.82 0.019412 0.057748 0.076461 0.094764 0.112608 0.129963 0.146818 0.163177 0.179054
0.83 0.020439 0.060745 0.080371 0.099526 0.118158 0.136242 0.15377 0.170754 0.187215
0.84 0.021595 0.06411 0.08475 0.104846 0.124345 0.143226 0.16149 0.179155 0.196252
0.85 0.022906 0.067912 0.089685 0.110826 0.131282 0.151039 0.170109 0.188521 0.206319
0.86 0.024405 0.07224 0.095286 0.117592 0.13911 0.159835 0.179793 0.199031 0.217604
0.87 0.026134 0.077209 0.101696 0.125309 0.148009 0.169808 0.190755 0.210912 0.230357
0.88 0.028152 0.08297 0.109096 0.134184 0.15821 0.181214 0.203268 0.224465 0.244901
0.89 0.030535 0.089724 0.117732 0.144495 0.170022 0.194387 0.217701 0.24009 0.261681
0.90 0.033393 0.097745 0.127931 0.156617 0.183858 0.209784 0.234558 0.258349 0.281324
0.91 0.036881 0.107419 0.140152 0.171066 0.200296 0.228051 0.254562 0.280059 0.304761
0.92 0.04123 0.1193 0.155052 0.188592 0.22018 0.250141 0.278804 0.306484 0.333481
0.93 0.046804 0.134227 0.173615 0.210321 0.244804 0.277558 0.309057 0.339754 0.370105
0.94 0.054196 0.153516 0.1974 0.238075 0.276321 0.312898 0.348535 0.383985 0.420146
0.95 0.064457 0.179397 0.229082 0.275092 0.318757 0.361353 0.404274 0.449456 0.500718
0.96 0.079623 0.216035 0.273873 0.328132 0.38137 0.436736 0.500468 0.631583
0.97 0.104208 0.272663 0.344534 0.416614 0.500269
0.98 0.150528 0.378793 0.500122
0.99 0.270268 0.500031
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Table B.4: Period vs Normalized output voltage v̂ from 0.00 to 0.39 in Presence of Îo
from –0.10 to –0.18.

Î0
-0.10 -0.11 -0.12 -0.13 -0.14 -0.15 -0.16 -0.17 -0.18

v̂ Period
0.00 0.06934 0.075505 0.081636 0.08773 0.093785 0.0998 0.105771 0.111698 0.11758
0.01 0.069347 0.075513 0.081644 0.087739 0.093795 0.09981 0.105782 0.11171 0.117592
0.02 0.069367 0.075535 0.081668 0.087764 0.093822 0.099839 0.105813 0.111742 0.117626
0.03 0.069401 0.075572 0.081708 0.087807 0.093867 0.099887 0.105863 0.111796 0.117682
0.04 0.069449 0.075623 0.081763 0.087866 0.093931 0.099954 0.105934 0.11187 0.11776
0.05 0.06951 0.07569 0.081835 0.087943 0.094012 0.10004 0.106025 0.111966 0.11786
0.06 0.069585 0.075771 0.081922 0.088036 0.094111 0.100145 0.106136 0.112083 0.117983
0.07 0.069674 0.075867 0.082026 0.088147 0.094229 0.10027 0.106268 0.112221 0.118127
0.08 0.069776 0.075978 0.082145 0.088275 0.094365 0.100414 0.10642 0.11238 0.118295
0.09 0.069893 0.076105 0.082282 0.088421 0.09452 0.100578 0.106593 0.112562 0.118485
0.10 0.070024 0.076247 0.082434 0.088584 0.094694 0.100762 0.106786 0.112765 0.118697
0.11 0.070169 0.076404 0.082603 0.088765 0.094886 0.100966 0.107001 0.112991 0.118933
0.12 0.070328 0.076577 0.08279 0.088964 0.095098 0.10119 0.107237 0.113239 0.119193
0.13 0.070503 0.076766 0.082993 0.089181 0.095329 0.101434 0.107495 0.113509 0.119476
0.14 0.070692 0.076971 0.083214 0.089417 0.09558 0.1017 0.107775 0.113803 0.119783
0.15 0.070896 0.077193 0.083452 0.089672 0.095851 0.101986 0.108076 0.11412 0.120115
0.16 0.071116 0.077431 0.083708 0.089946 0.096142 0.102294 0.108401 0.11446 0.120471
0.17 0.071351 0.077686 0.083982 0.090239 0.096454 0.102624 0.108748 0.114825 0.120852
0.18 0.071603 0.077958 0.084275 0.090552 0.096787 0.102976 0.109119 0.115214 0.121259
0.19 0.07187 0.078248 0.084587 0.090886 0.097141 0.103351 0.109514 0.115628 0.121692
0.20 0.072155 0.078556 0.084918 0.091239 0.097517 0.103749 0.109933 0.116068 0.122152
0.21 0.072456 0.078882 0.085269 0.091614 0.097915 0.10417 0.110377 0.116534 0.122639
0.22 0.072774 0.079227 0.08564 0.092011 0.098337 0.104616 0.110846 0.117026 0.123154
0.23 0.07311 0.079592 0.086032 0.092429 0.098781 0.105086 0.111341 0.117545 0.123697
0.24 0.073465 0.079976 0.086445 0.092871 0.09925 0.105581 0.111863 0.118092 0.124269
0.25 0.073838 0.08038 0.08688 0.093335 0.099743 0.106103 0.112412 0.118668 0.124871
0.26 0.074231 0.080805 0.087336 0.093823 0.100262 0.106651 0.112989 0.119273 0.125503
0.27 0.074643 0.081251 0.087816 0.094335 0.100806 0.107226 0.113594 0.119908 0.126167
0.28 0.075075 0.08172 0.08832 0.094873 0.101377 0.10783 0.11423 0.120574 0.126862
0.29 0.075529 0.082211 0.088847 0.095436 0.101976 0.108462 0.114895 0.121272 0.127591
0.30 0.076004 0.082725 0.0894 0.096027 0.102602 0.109125 0.115592 0.122002 0.128355
0.31 0.076501 0.083263 0.089979 0.096644 0.103258 0.109818 0.116321 0.122767 0.129153
0.32 0.077022 0.083827 0.090584 0.097291 0.103944 0.110542 0.117083 0.123566 0.129987
0.33 0.077566 0.084416 0.091217 0.097966 0.104661 0.1113 0.11788 0.124401 0.130859
0.34 0.078135 0.085032 0.091878 0.098672 0.105411 0.112091 0.118713 0.125273 0.13177
0.35 0.07873 0.085675 0.09257 0.09941 0.106193 0.112918 0.119582 0.126183 0.132721
0.36 0.079351 0.086348 0.093291 0.10018 0.10701 0.113781 0.120489 0.127134 0.133713
0.37 0.08 0.08705 0.094045 0.100984 0.107864 0.114682 0.121436 0.128125 0.134748
0.38 0.080678 0.087783 0.094832 0.101823 0.108754 0.115621 0.122424 0.12916 0.135827
0.39 0.081385 0.088548 0.095653 0.102699 0.109683 0.116602 0.123454 0.130239 0.136953
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Table B.5: Period vs Normalized output voltage v̂ from 0.40 to 0.79 in Presence of Îo
from –0.10 to –0.18.

Î0
-0.10 -0.11 -0.12 -0.13 -0.14 -0.15 -0.16 -0.17 -0.18

v̂ Period
0.40 0.082124 0.089346 0.096511 0.103613 0.110652 0.117625 0.124529 0.131364 0.138127
0.41 0.082895 0.09018 0.097405 0.104567 0.111663 0.118692 0.12565 0.132537 0.139351
0.42 0.0837 0.091051 0.098339 0.105562 0.112719 0.119805 0.126819 0.13376 0.140627
0.43 0.084541 0.091959 0.099313 0.106601 0.113819 0.120966 0.128038 0.135036 0.141957
0.44 0.085419 0.092907 0.10033 0.107685 0.114968 0.122177 0.12931 0.136366 0.143344
0.45 0.086335 0.093897 0.101392 0.108816 0.116166 0.12344 0.130636 0.137753 0.14479
0.46 0.087292 0.094931 0.1025 0.109996 0.117416 0.124758 0.13202 0.1392 0.146297
0.47 0.088292 0.096011 0.103658 0.111229 0.118721 0.126134 0.133463 0.140709 0.14787
0.48 0.089337 0.097139 0.104867 0.112516 0.120084 0.127569 0.134969 0.142283 0.14951
0.49 0.090429 0.098318 0.10613 0.11386 0.121507 0.129068 0.136542 0.143926 0.151221
0.50 0.091571 0.099551 0.107449 0.115265 0.122993 0.130633 0.138183 0.145641 0.153007
0.51 0.092766 0.100839 0.108829 0.116732 0.124546 0.132268 0.139897 0.147431 0.154871
0.52 0.094016 0.102187 0.110272 0.118267 0.12617 0.133977 0.141688 0.149302 0.156817
0.53 0.095324 0.103598 0.111782 0.119873 0.127867 0.135763 0.14356 0.151256 0.158851
0.54 0.096695 0.105076 0.113363 0.121553 0.129643 0.137632 0.145517 0.153298 0.160976
0.55 0.098131 0.106624 0.115018 0.123312 0.131502 0.139586 0.147564 0.155435 0.163197
0.56 0.099637 0.108246 0.116753 0.125154 0.133448 0.141633 0.149707 0.15767 0.165521
0.57 0.101218 0.109948 0.118572 0.127086 0.135488 0.143777 0.151951 0.16001 0.167954
0.58 0.102877 0.111734 0.12048 0.129111 0.137627 0.146024 0.154302 0.162461 0.170501
0.59 0.10462 0.11361 0.122483 0.131238 0.13987 0.14838 0.156767 0.16503 0.17317
0.60 0.106454 0.115582 0.124589 0.133471 0.142226 0.150854 0.159353 0.167725 0.175969
0.61 0.108383 0.117656 0.126802 0.135818 0.144701 0.153451 0.162069 0.170553 0.178906
0.62 0.110415 0.11984 0.129132 0.138287 0.147304 0.156182 0.164922 0.173524 0.18199
0.63 0.112558 0.122142 0.131586 0.140887 0.150043 0.159055 0.167923 0.176648 0.185232
0.64 0.114819 0.12457 0.134173 0.143626 0.152929 0.162081 0.171082 0.179936 0.188643
0.65 0.117208 0.127134 0.136904 0.146517 0.155972 0.165269 0.174411 0.183398 0.192234
0.66 0.119735 0.129844 0.139789 0.149569 0.159184 0.168634 0.177922 0.187049 0.19602
0.67 0.122411 0.132713 0.142842 0.152797 0.162579 0.172189 0.18163 0.190904 0.200015
0.68 0.125249 0.135753 0.146074 0.156214 0.166171 0.175949 0.185549 0.194977 0.204236
0.69 0.128262 0.138978 0.149503 0.159835 0.169977 0.17993 0.189699 0.199289 0.208703
0.70 0.131466 0.142407 0.153144 0.163679 0.174014 0.184153 0.194099 0.203858 0.213435
0.71 0.134878 0.146056 0.157018 0.167766 0.178305 0.188637 0.19877 0.208707 0.218457
0.72 0.138519 0.149946 0.161145 0.172118 0.182871 0.193409 0.203737 0.213864 0.223796
0.73 0.14241 0.1541 0.165549 0.176761 0.18774 0.198494 0.209029 0.219356 0.229481
0.74 0.146577 0.158546 0.170259 0.181722 0.192941 0.203923 0.214679 0.225217 0.235548
0.75 0.151048 0.163313 0.175307 0.187036 0.198508 0.209734 0.220723 0.231487 0.242036
0.76 0.155858 0.168437 0.180728 0.192739 0.204481 0.215966 0.227204 0.23821 0.248994
0.77 0.161043 0.173957 0.186564 0.198876 0.210906 0.222667 0.234172 0.245437 0.256474
0.78 0.166649 0.179919 0.192864 0.205498 0.217836 0.229893 0.241686 0.25323 0.264542
0.79 0.172728 0.186379 0.199686 0.212664 0.225333 0.237711 0.249814 0.261663 0.273274
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Table B.6: Period vs Normalized output voltage v̂ from 0.80 to 0.95 in Presence of Îo
from –0.10 to –0.18.

Î0
-0.10 -0.11 -0.12 -0.13 -0.14 -0.15 -0.16 -0.17 -0.18

v̂ Period
0.80 0.17934 0.1934 0.207096 0.220447 0.233474 0.246198 0.258641 0.270823 0.282764
0.81 0.186558 0.20106 0.215176 0.228929 0.242346 0.25545 0.268265 0.280816 0.293125
0.82 0.19447 0.20945 0.224022 0.238216 0.25206 0.265583 0.278812 0.291775 0.304497
0.83 0.20318 0.218682 0.233754 0.248432 0.26275 0.27674 0.290435 0.303866 0.317061
0.84 0.212819 0.228894 0.24452 0.259737 0.274586 0.289105 0.303332 0.317302 0.331049
0.85 0.223548 0.24026 0.256505 0.27233 0.287785 0.302913 0.317759 0.332364 0.346769
0.86 0.235574 0.253002 0.269949 0.286474 0.302632 0.318477 0.334061 0.349435 0.36465
0.87 0.249164 0.267411 0.285172 0.302517 0.319513 0.336225 0.352719 0.369058 0.38531
0.88 0.264675 0.28388 0.302607 0.320943 0.338972 0.356775 0.374438 0.392048 0.409703
0.89 0.282597 0.302957 0.322873 0.342456 0.361814 0.381062 0.40032 0.419728 0.439452
0.90 0.303639 0.325448 0.346897 0.368137 0.389324 0.410635 0.432281 0.454537 0.477784
0.91 0.328878 0.352615 0.376183 0.399814 0.42378 0.448435 0.474286 0.502165 0.533712
0.92 0.360093 0.386636 0.413471 0.441066 0.4701 0.50174 0.538538 0.590078
0.93 0.400615 0.431916 0.464937 0.501356 0.54535 0.64435
0.94 0.458329 0.501014 0.555587
0.95 0.573022
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Table B.7: Period vs Normalized output voltage v̂ from 0.00 to 0.39 in Presence of Îo
from –0.10 to –0.18.

Î0
-0.10 -0.11 -0.12 -0.13 -0.14 -0.15 -0.16 -0.17 -0.18

v̂ Period
0.00 0.06934 0.075505 0.081636 0.08773 0.093785 0.0998 0.105771 0.111698 0.11758
0.01 0.069347 0.075513 0.081644 0.087739 0.093795 0.09981 0.105782 0.11171 0.117592
0.02 0.069367 0.075535 0.081668 0.087764 0.093822 0.099839 0.105813 0.111742 0.117626
0.03 0.069401 0.075572 0.081708 0.087807 0.093867 0.099887 0.105863 0.111796 0.117682
0.04 0.069449 0.075623 0.081763 0.087866 0.093931 0.099954 0.105934 0.11187 0.11776
0.05 0.06951 0.07569 0.081835 0.087943 0.094012 0.10004 0.106025 0.111966 0.11786
0.06 0.069585 0.075771 0.081922 0.088036 0.094111 0.100145 0.106136 0.112083 0.117983
0.07 0.069674 0.075867 0.082026 0.088147 0.094229 0.10027 0.106268 0.112221 0.118127
0.08 0.069776 0.075978 0.082145 0.088275 0.094365 0.100414 0.10642 0.11238 0.118295
0.09 0.069893 0.076105 0.082282 0.088421 0.09452 0.100578 0.106593 0.112562 0.118485
0.10 0.070024 0.076247 0.082434 0.088584 0.094694 0.100762 0.106786 0.112765 0.118697
0.11 0.070169 0.076404 0.082603 0.088765 0.094886 0.100966 0.107001 0.112991 0.118933
0.12 0.070328 0.076577 0.08279 0.088964 0.095098 0.10119 0.107237 0.113239 0.119193
0.13 0.070503 0.076766 0.082993 0.089181 0.095329 0.101434 0.107495 0.113509 0.119476
0.14 0.070692 0.076971 0.083214 0.089417 0.09558 0.1017 0.107775 0.113803 0.119783
0.15 0.070896 0.077193 0.083452 0.089672 0.095851 0.101986 0.108076 0.11412 0.120115
0.16 0.071116 0.077431 0.083708 0.089946 0.096142 0.102294 0.108401 0.11446 0.120471
0.17 0.071351 0.077686 0.083982 0.090239 0.096454 0.102624 0.108748 0.114825 0.120852
0.18 0.071603 0.077958 0.084275 0.090552 0.096787 0.102976 0.109119 0.115214 0.121259
0.19 0.07187 0.078248 0.084587 0.090886 0.097141 0.103351 0.109514 0.115628 0.121692
0.20 0.072155 0.078556 0.084918 0.091239 0.097517 0.103749 0.109933 0.116068 0.122152
0.21 0.072456 0.078882 0.085269 0.091614 0.097915 0.10417 0.110377 0.116534 0.122639
0.22 0.072774 0.079227 0.08564 0.092011 0.098337 0.104616 0.110846 0.117026 0.123154
0.23 0.07311 0.079592 0.086032 0.092429 0.098781 0.105086 0.111341 0.117545 0.123697
0.24 0.073465 0.079976 0.086445 0.092871 0.09925 0.105581 0.111863 0.118092 0.124269
0.25 0.073838 0.08038 0.08688 0.093335 0.099743 0.106103 0.112412 0.118668 0.124871
0.26 0.074231 0.080805 0.087336 0.093823 0.100262 0.106651 0.112989 0.119273 0.125503
0.27 0.074643 0.081251 0.087816 0.094335 0.100806 0.107226 0.113594 0.119908 0.126167
0.28 0.075075 0.08172 0.08832 0.094873 0.101377 0.10783 0.11423 0.120574 0.126862
0.29 0.075529 0.082211 0.088847 0.095436 0.101976 0.108462 0.114895 0.121272 0.127591
0.30 0.076004 0.082725 0.0894 0.096027 0.102602 0.109125 0.115592 0.122002 0.128355
0.31 0.076501 0.083263 0.089979 0.096644 0.103258 0.109818 0.116321 0.122767 0.129153
0.32 0.077022 0.083827 0.090584 0.097291 0.103944 0.110542 0.117083 0.123566 0.129987
0.33 0.077566 0.084416 0.091217 0.097966 0.104661 0.1113 0.11788 0.124401 0.130859
0.34 0.078135 0.085032 0.091878 0.098672 0.105411 0.112091 0.118713 0.125273 0.13177
0.35 0.07873 0.085675 0.09257 0.09941 0.106193 0.112918 0.119582 0.126183 0.132721
0.36 0.079351 0.086348 0.093291 0.10018 0.10701 0.113781 0.120489 0.127134 0.133713
0.37 0.08 0.08705 0.094045 0.100984 0.107864 0.114682 0.121436 0.128125 0.134748
0.38 0.080678 0.087783 0.094832 0.101823 0.108754 0.115621 0.122424 0.12916 0.135827
0.39 0.081385 0.088548 0.095653 0.102699 0.109683 0.116602 0.123454 0.130239 0.136953
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Table B.8: Period vs Normalized output voltage v̂ from 0.40 to 0.79 in Presence of Îo
from –0.10 to –0.18.

Î0
-0.10 -0.11 -0.12 -0.13 -0.14 -0.15 -0.16 -0.17 -0.18

v̂ Period
0.40 0.082124 0.089346 0.096511 0.103613 0.110652 0.117625 0.124529 0.131364 0.138127
0.41 0.082895 0.09018 0.097405 0.104567 0.111663 0.118692 0.12565 0.132537 0.139351
0.42 0.0837 0.091051 0.098339 0.105562 0.112719 0.119805 0.126819 0.13376 0.140627
0.43 0.084541 0.091959 0.099313 0.106601 0.113819 0.120966 0.128038 0.135036 0.141957
0.44 0.085419 0.092907 0.10033 0.107685 0.114968 0.122177 0.12931 0.136366 0.143344
0.45 0.086335 0.093897 0.101392 0.108816 0.116166 0.12344 0.130636 0.137753 0.14479
0.46 0.087292 0.094931 0.1025 0.109996 0.117416 0.124758 0.13202 0.1392 0.146297
0.47 0.088292 0.096011 0.103658 0.111229 0.118721 0.126134 0.133463 0.140709 0.14787
0.48 0.089337 0.097139 0.104867 0.112516 0.120084 0.127569 0.134969 0.142283 0.14951
0.49 0.090429 0.098318 0.10613 0.11386 0.121507 0.129068 0.136542 0.143926 0.151221
0.50 0.091571 0.099551 0.107449 0.115265 0.122993 0.130633 0.138183 0.145641 0.153007
0.51 0.092766 0.100839 0.108829 0.116732 0.124546 0.132268 0.139897 0.147431 0.154871
0.52 0.094016 0.102187 0.110272 0.118267 0.12617 0.133977 0.141688 0.149302 0.156817
0.53 0.095324 0.103598 0.111782 0.119873 0.127867 0.135763 0.14356 0.151256 0.158851
0.54 0.096695 0.105076 0.113363 0.121553 0.129643 0.137632 0.145517 0.153298 0.160976
0.55 0.098131 0.106624 0.115018 0.123312 0.131502 0.139586 0.147564 0.155435 0.163197
0.56 0.099637 0.108246 0.116753 0.125154 0.133448 0.141633 0.149707 0.15767 0.165521
0.57 0.101218 0.109948 0.118572 0.127086 0.135488 0.143777 0.151951 0.16001 0.167954
0.58 0.102877 0.111734 0.12048 0.129111 0.137627 0.146024 0.154302 0.162461 0.170501
0.59 0.10462 0.11361 0.122483 0.131238 0.13987 0.14838 0.156767 0.16503 0.17317
0.60 0.106454 0.115582 0.124589 0.133471 0.142226 0.150854 0.159353 0.167725 0.175969
0.61 0.108383 0.117656 0.126802 0.135818 0.144701 0.153451 0.162069 0.170553 0.178906
0.62 0.110415 0.11984 0.129132 0.138287 0.147304 0.156182 0.164922 0.173524 0.18199
0.63 0.112558 0.122142 0.131586 0.140887 0.150043 0.159055 0.167923 0.176648 0.185232
0.64 0.114819 0.12457 0.134173 0.143626 0.152929 0.162081 0.171082 0.179936 0.188643
0.65 0.117208 0.127134 0.136904 0.146517 0.155972 0.165269 0.174411 0.183398 0.192234
0.66 0.119735 0.129844 0.139789 0.149569 0.159184 0.168634 0.177922 0.187049 0.19602
0.67 0.122411 0.132713 0.142842 0.152797 0.162579 0.172189 0.18163 0.190904 0.200015
0.68 0.125249 0.135753 0.146074 0.156214 0.166171 0.175949 0.185549 0.194977 0.204236
0.69 0.128262 0.138978 0.149503 0.159835 0.169977 0.17993 0.189699 0.199289 0.208703
0.70 0.131466 0.142407 0.153144 0.163679 0.174014 0.184153 0.194099 0.203858 0.213435
0.71 0.134878 0.146056 0.157018 0.167766 0.178305 0.188637 0.19877 0.208707 0.218457
0.72 0.138519 0.149946 0.161145 0.172118 0.182871 0.193409 0.203737 0.213864 0.223796
0.73 0.14241 0.1541 0.165549 0.176761 0.18774 0.198494 0.209029 0.219356 0.229481
0.74 0.146577 0.158546 0.170259 0.181722 0.192941 0.203923 0.214679 0.225217 0.235548
0.75 0.151048 0.163313 0.175307 0.187036 0.198508 0.209734 0.220723 0.231487 0.242036
0.76 0.155858 0.168437 0.180728 0.192739 0.204481 0.215966 0.227204 0.23821 0.248994
0.77 0.161043 0.173957 0.186564 0.198876 0.210906 0.222667 0.234172 0.245437 0.256474
0.78 0.166649 0.179919 0.192864 0.205498 0.217836 0.229893 0.241686 0.25323 0.264542
0.79 0.172728 0.186379 0.199686 0.212664 0.225333 0.237711 0.249814 0.261663 0.273274
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Table B.9: Period vs Normalized output voltage v̂ from 0.80 to 0.95 in Presence of Îo
from –0.10 to –0.18.

Î0
-0.10 -0.11 -0.12 -0.13 -0.14 -0.15 -0.16 -0.17 -0.18

v̂ Period
0.80 0.17934 0.1934 0.207096 0.220447 0.233474 0.246198 0.258641 0.270823 0.282764
0.81 0.186558 0.20106 0.215176 0.228929 0.242346 0.25545 0.268265 0.280816 0.293125
0.82 0.19447 0.20945 0.224022 0.238216 0.25206 0.265583 0.278812 0.291775 0.304497
0.83 0.20318 0.218682 0.233754 0.248432 0.26275 0.27674 0.290435 0.303866 0.317061
0.84 0.212819 0.228894 0.24452 0.259737 0.274586 0.289105 0.303332 0.317302 0.331049
0.85 0.223548 0.24026 0.256505 0.27233 0.287785 0.302913 0.317759 0.332364 0.346769
0.86 0.235574 0.253002 0.269949 0.286474 0.302632 0.318477 0.334061 0.349435 0.36465
0.87 0.249164 0.267411 0.285172 0.302517 0.319513 0.336225 0.352719 0.369058 0.38531
0.88 0.264675 0.28388 0.302607 0.320943 0.338972 0.356775 0.374438 0.392048 0.409703
0.89 0.282597 0.302957 0.322873 0.342456 0.361814 0.381062 0.40032 0.419728 0.439452
0.90 0.303639 0.325448 0.346897 0.368137 0.389324 0.410635 0.432281 0.454537 0.477784
0.91 0.328878 0.352615 0.376183 0.399814 0.42378 0.448435 0.474286 0.502165 0.533712
0.92 0.360093 0.386636 0.413471 0.441066 0.4701 0.50174 0.538538 0.590078
0.93 0.400615 0.431916 0.464937 0.501356 0.54535 0.64435
0.94 0.458329 0.501014 0.555587
0.95 0.573022
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Table B.10: Period vs Normalized output voltage v̂ from 0.00 to 0.39 in Presence of
Îo from –0.19 to –0.27.

Î0
-0.19 -0.2 -0.21 -0.22 -0.23 -0.24 -0.25 -0.26 -0.27

v̂ Period
0.00 0.123413 0.129198 0.134933 0.140617 0.146249 0.151829 0.157354 0.162826 0.168243
0.01 0.123426 0.129212 0.134948 0.140633 0.146266 0.151846 0.157373 0.162846 0.168265
0.02 0.123462 0.12925 0.134987 0.140674 0.146309 0.151891 0.15742 0.162895 0.168315
0.03 0.123521 0.129311 0.135051 0.140741 0.146378 0.151963 0.157495 0.162972 0.168396
0.04 0.123602 0.129396 0.13514 0.140833 0.146474 0.152062 0.157597 0.163078 0.168505
0.05 0.123707 0.129505 0.135254 0.140951 0.146596 0.152189 0.157728 0.163213 0.168644
0.06 0.123835 0.129639 0.135392 0.141094 0.146745 0.152343 0.157887 0.163377 0.168813
0.07 0.123986 0.129796 0.135556 0.141264 0.14692 0.152524 0.158074 0.16357 0.169011
0.08 0.124161 0.129978 0.135745 0.14146 0.147123 0.152733 0.15829 0.163792 0.16924
0.09 0.124359 0.130184 0.135959 0.141682 0.147353 0.152971 0.158534 0.164044 0.169499
0.10 0.124581 0.130416 0.136199 0.141931 0.14761 0.153236 0.158808 0.164326 0.169788
0.11 0.124828 0.130672 0.136465 0.142207 0.147895 0.15353 0.159111 0.164637 0.170109
0.12 0.125098 0.130953 0.136757 0.142509 0.148208 0.153853 0.159444 0.16498 0.17046
0.13 0.125394 0.131261 0.137076 0.14284 0.14855 0.154205 0.159807 0.165353 0.170844
0.14 0.125714 0.131594 0.137422 0.143198 0.14892 0.154587 0.1602 0.165757 0.171259
0.15 0.12606 0.131954 0.137796 0.143584 0.149319 0.154999 0.160624 0.166193 0.171706
0.16 0.126431 0.13234 0.138196 0.143999 0.149748 0.155441 0.161079 0.166661 0.172187
0.17 0.126829 0.132754 0.138626 0.144444 0.150207 0.155915 0.161567 0.167162 0.172701
0.18 0.127253 0.133195 0.139083 0.144917 0.150696 0.156419 0.162086 0.167696 0.173249
0.19 0.127705 0.133665 0.139571 0.145422 0.151217 0.156956 0.162639 0.168264 0.173832
0.20 0.128184 0.134163 0.140087 0.145956 0.151769 0.157526 0.163225 0.168866 0.174449
0.21 0.128692 0.134691 0.140635 0.146523 0.152354 0.158128 0.163845 0.169503 0.175103
0.22 0.129228 0.135248 0.141213 0.147121 0.152972 0.158765 0.1645 0.170176 0.175794
0.23 0.129794 0.135837 0.141823 0.147752 0.153623 0.159436 0.165191 0.170886 0.176521
0.24 0.13039 0.136456 0.142465 0.148417 0.154309 0.160143 0.165918 0.171633 0.177288
0.25 0.131018 0.137108 0.143141 0.149115 0.155031 0.160887 0.166683 0.172418 0.178093
0.26 0.131676 0.137793 0.143851 0.149849 0.155789 0.161667 0.167485 0.173242 0.178938
0.27 0.132368 0.138511 0.144595 0.15062 0.156583 0.162486 0.168327 0.174107 0.179825
0.28 0.133093 0.139264 0.145376 0.151427 0.157416 0.163344 0.16921 0.175013 0.180754
0.29 0.133852 0.140053 0.146193 0.152272 0.158288 0.164242 0.170133 0.175961 0.181726
0.30 0.134647 0.140879 0.147049 0.153156 0.159201 0.165182 0.171099 0.176953 0.182742
0.31 0.135478 0.141742 0.147943 0.154081 0.160155 0.166164 0.172109 0.177989 0.183805
0.32 0.136347 0.142645 0.148878 0.155047 0.161152 0.167191 0.173164 0.179072 0.184914
0.33 0.137255 0.143587 0.149855 0.156056 0.162192 0.168262 0.174265 0.180202 0.186073
0.34 0.138203 0.144572 0.150874 0.15711 0.163279 0.16938 0.175415 0.181382 0.187281
0.35 0.139193 0.145599 0.151938 0.158209 0.164412 0.170547 0.176614 0.182612 0.188541
0.36 0.140225 0.146671 0.153047 0.159355 0.165594 0.171764 0.177863 0.183894 0.189855
0.37 0.141302 0.147788 0.154205 0.160551 0.166827 0.173032 0.179166 0.18523 0.191224
0.38 0.142426 0.148954 0.155411 0.161797 0.168111 0.174353 0.180524 0.186623 0.19265
0.39 0.143597 0.150169 0.156669 0.163096 0.16945 0.175731 0.181938 0.188073 0.194136
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Table B.11: Period vs Normalized output voltage v̂ from 0.40 to 0.79 in Presence of
Îo from –0.19 to –0.27.

Î0
-0.19 -0.2 -0.21 -0.22 -0.23 -0.24 -0.25 -0.26 -0.27

v̂ Period
0.40 0.144818 0.151436 0.15798 0.164449 0.170845 0.177165 0.183412 0.189584 0.195683
0.41 0.146091 0.152756 0.159346 0.16586 0.172298 0.17866 0.184947 0.191158 0.197295
0.42 0.147418 0.154132 0.160769 0.167329 0.173811 0.180217 0.186545 0.192797 0.198972
0.43 0.1488 0.155566 0.162252 0.16886 0.175388 0.181838 0.188209 0.194503 0.200719
0.44 0.150242 0.15706 0.163798 0.170455 0.177031 0.183527 0.189943 0.19628 0.202538
0.45 0.151745 0.158618 0.165408 0.172116 0.178742 0.185286 0.191748 0.19813 0.204432
0.46 0.153311 0.160241 0.167087 0.173848 0.180525 0.187119 0.193629 0.200057 0.206404
0.47 0.154945 0.161934 0.168836 0.175652 0.182383 0.189028 0.195588 0.202064 0.208458
0.48 0.156648 0.163698 0.17066 0.177533 0.184319 0.191017 0.197629 0.204155 0.210597
0.49 0.158425 0.165539 0.172562 0.179494 0.186337 0.19309 0.199756 0.206334 0.212826
0.50 0.160279 0.167459 0.174545 0.181539 0.188441 0.195252 0.201973 0.208604 0.215149
0.51 0.162214 0.169462 0.176614 0.183672 0.190635 0.197506 0.204284 0.210972 0.21757
0.52 0.164234 0.171553 0.178774 0.185897 0.192925 0.199857 0.206695 0.21344 0.220094
0.53 0.166344 0.173736 0.181028 0.18822 0.195314 0.20231 0.20921 0.216015 0.222728
0.54 0.168548 0.176017 0.183383 0.190646 0.197808 0.20487 0.211835 0.218702 0.225475
0.55 0.170852 0.178401 0.185843 0.19318 0.200413 0.207545 0.214576 0.221508 0.228344
0.56 0.173262 0.180893 0.188414 0.195828 0.203136 0.210339 0.217439 0.224439 0.231341
0.57 0.175783 0.1835 0.191104 0.198597 0.205982 0.21326 0.220432 0.227502 0.234472
0.58 0.178423 0.186229 0.193919 0.201495 0.20896 0.216315 0.223563 0.230706 0.237747
0.59 0.181189 0.189087 0.196866 0.204529 0.212077 0.219513 0.226839 0.234058 0.241173
0.60 0.184088 0.192082 0.199955 0.207707 0.215342 0.222862 0.23027 0.237569 0.244761
0.61 0.187129 0.195224 0.203193 0.211039 0.218765 0.226373 0.233866 0.241248 0.248521
0.62 0.190322 0.198522 0.206592 0.214536 0.222356 0.230056 0.237638 0.245107 0.252465
0.63 0.193677 0.201986 0.210162 0.218208 0.226127 0.233923 0.241599 0.249158 0.256605
0.64 0.197206 0.205629 0.213915 0.222068 0.23009 0.237986 0.24576 0.253416 0.260956
0.65 0.200921 0.209464 0.217865 0.226129 0.23426 0.242262 0.250139 0.257895 0.265534
0.66 0.204837 0.213504 0.222026 0.230407 0.238652 0.246765 0.25475 0.262612 0.270355
0.67 0.208968 0.217766 0.226415 0.234919 0.243284 0.251513 0.259613 0.267587 0.275441
0.68 0.213332 0.222268 0.23105 0.239684 0.248174 0.256527 0.264748 0.272841 0.280812
0.69 0.217948 0.227029 0.235952 0.244722 0.253346 0.26183 0.270179 0.278398 0.286494
0.70 0.222838 0.232072 0.241143 0.250058 0.258824 0.267446 0.275932 0.284286 0.292515
0.71 0.228026 0.237422 0.24665 0.255719 0.264636 0.273406 0.282038 0.290536 0.298909
0.72 0.233541 0.243108 0.252504 0.261736 0.270813 0.279742 0.288531 0.297185 0.305713
0.73 0.239414 0.249163 0.258737 0.268144 0.277394 0.286493 0.295451 0.304274 0.31297
0.74 0.24568 0.255624 0.265389 0.274985 0.28442 0.293704 0.302846 0.311852 0.320733
0.75 0.252382 0.262535 0.272506 0.282305 0.291942 0.301427 0.310769 0.319977 0.32906
0.76 0.259569 0.269948 0.280141 0.290161 0.300018 0.309723 0.319287 0.328718 0.338026
0.77 0.267298 0.277922 0.288358 0.29862 0.308719 0.318668 0.328476 0.338156 0.347718
0.78 0.275636 0.286528 0.297231 0.30776 0.318128 0.328348 0.338433 0.348394 0.358243
0.79 0.284665 0.295853 0.306852 0.317679 0.328349 0.338876 0.349274 0.359556 0.369737
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Table B.12: Period vs Normalized output voltage v̂ from 0.80 to 0.91 in Presence of
Îo from –0.19 to –0.27.

Î0
-0.19 -0.2 -0.21 -0.22 -0.23 -0.24 -0.25 -0.26 -0.27

v̂ Period
0.80 0.294484 0.306 0.317332 0.328496 0.339509 0.350387 0.361146 0.371802 0.382371
0.81 0.305212 0.317101 0.32881 0.340359 0.351768 0.363055 0.374239 0.385339 0.396373
0.82 0.317003 0.329317 0.341462 0.353461 0.365336 0.377109 0.388803 0.400441 0.412048
0.83 0.33005 0.34286 0.355519 0.368052 0.380488 0.392854 0.405179 0.417492 0.429828
0.84 0.344607 0.358008 0.371286 0.384475 0.397607 0.410721 0.423854 0.437052 0.450363
0.85 0.361015 0.375143 0.389194 0.403212 0.417244 0.431344 0.445572 0.459997 0.474709
0.86 0.379757 0.39481 0.409866 0.424989 0.440252 0.455742 0.471567 0.487868 0.504838
0.87 0.401544 0.417839 0.434284 0.450987 0.468082 0.485747 0.504235 0.523931 0.545494
0.88 0.427513 0.445612 0.464167 0.483407 0.503665 0.525475 0.549828 0.579052 0.623775
0.89 0.459705 0.480782 0.503129 0.527501 0.555445 0.591504 0.653259
0.90 0.502628 0.530166 0.562952 0.612324
0.91 0.573521 0.646949
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Table B.13: Period vs Normalized output voltage v̂ from 0.00 to 0.39 in Presence of
Îo from –0.28 to –0.36.

Î0
-0.28 -0.29 -0.30 -0.31 -0.32 -0.33 -0.34 -0.35 -0.36

v̂ Period
0.00 0.173605 0.178912 0.184164 0.18936 0.1945 0.199584 0.204613 0.209587 0.214505
0.01 0.173628 0.178937 0.18419 0.189387 0.194529 0.199616 0.204647 0.209623 0.214544
0.02 0.173681 0.178992 0.184247 0.189447 0.194592 0.199681 0.204714 0.209693 0.214616
0.03 0.173764 0.179078 0.184336 0.189539 0.194686 0.199778 0.204815 0.209797 0.214724
0.04 0.173877 0.179194 0.184456 0.189662 0.194813 0.199909 0.20495 0.209935 0.214866
0.05 0.17402 0.179341 0.184607 0.189818 0.194973 0.200073 0.205118 0.210108 0.215043
0.06 0.174194 0.17952 0.18479 0.190006 0.195166 0.200271 0.20532 0.210315 0.215255
0.07 0.174398 0.179729 0.185005 0.190226 0.195392 0.200502 0.205557 0.210557 0.215502
0.08 0.174633 0.17997 0.185253 0.190479 0.195651 0.200767 0.205828 0.210834 0.215785
0.09 0.174899 0.180243 0.185532 0.190766 0.195944 0.201066 0.206134 0.211146 0.216103
0.10 0.175196 0.180548 0.185844 0.191085 0.19627 0.2014 0.206474 0.211494 0.216458
0.11 0.175525 0.180885 0.186189 0.191438 0.196631 0.201769 0.206851 0.211877 0.216849
0.12 0.175885 0.181255 0.186568 0.191825 0.197027 0.202173 0.207263 0.212298 0.217277
0.13 0.176278 0.181657 0.18698 0.192247 0.197457 0.202612 0.207711 0.212755 0.217743
0.14 0.176704 0.182093 0.187426 0.192703 0.197924 0.203088 0.208196 0.213249 0.218246
0.15 0.177163 0.182564 0.187907 0.193195 0.198426 0.2036 0.208719 0.213781 0.218788
0.16 0.177656 0.183068 0.188424 0.193722 0.198964 0.204149 0.209279 0.214352 0.219369
0.17 0.178183 0.183608 0.188975 0.194286 0.19954 0.204737 0.209877 0.214961 0.219989
0.18 0.178745 0.184183 0.189563 0.194887 0.200153 0.205362 0.210514 0.21561 0.220649
0.19 0.179342 0.184794 0.190188 0.195525 0.200804 0.206026 0.211191 0.216299 0.221351
0.20 0.179975 0.185442 0.190851 0.196202 0.201495 0.20673 0.211908 0.217029 0.222094
0.21 0.180645 0.186127 0.191552 0.196918 0.202225 0.207475 0.212667 0.217801 0.222879
0.22 0.181352 0.186851 0.192292 0.197673 0.202996 0.208261 0.213467 0.218616 0.223707
0.23 0.182098 0.187614 0.193072 0.198469 0.203808 0.209088 0.21431 0.219474 0.22458
0.24 0.182882 0.188417 0.193892 0.199307 0.204663 0.209959 0.215197 0.220376 0.225497
0.25 0.183707 0.189261 0.194754 0.200188 0.205561 0.210874 0.216128 0.221324 0.226461
0.26 0.184573 0.190147 0.195659 0.201111 0.206503 0.211834 0.217106 0.222318 0.227472
0.27 0.185481 0.191075 0.196608 0.20208 0.20749 0.21284 0.21813 0.22336 0.228531
0.28 0.186432 0.192048 0.197602 0.203094 0.208524 0.213894 0.219202 0.224451 0.22964
0.29 0.187427 0.193066 0.198642 0.204155 0.209606 0.214996 0.220324 0.225592 0.2308
0.30 0.188468 0.19413 0.199729 0.205264 0.210737 0.216147 0.221496 0.226784 0.232012
0.31 0.189556 0.195242 0.200864 0.206423 0.211918 0.217351 0.222721 0.22803 0.233277
0.32 0.190691 0.196403 0.20205 0.207633 0.213151 0.218607 0.223999 0.229329 0.234598
0.33 0.191877 0.197615 0.203288 0.208895 0.214438 0.219917 0.225332 0.230685 0.235976
0.34 0.193113 0.198879 0.204578 0.210212 0.21578 0.221283 0.226723 0.232099 0.237412
0.35 0.194403 0.200197 0.205924 0.211584 0.217179 0.222707 0.228172 0.233572 0.238909
0.36 0.195747 0.201571 0.207326 0.213015 0.218636 0.224191 0.229681 0.235107 0.240469
0.37 0.197148 0.203002 0.208788 0.214505 0.220154 0.225737 0.231254 0.236705 0.242093
0.38 0.198607 0.204493 0.210309 0.216057 0.221735 0.227347 0.232891 0.23837 0.243783
0.39 0.200127 0.206046 0.211894 0.217672 0.223382 0.229022 0.234596 0.240102 0.245543
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Table B.14: Period vs Normalized output voltage v̂ from 0.40 to 0.79 in Presence of
Îo from –0.28 to –0.36.

Î0
-0.28 -0.29 -0.30 -0.31 -0.32 -0.33 -0.34 -0.35 -0.36

v̂ Period
0.40 0.201709 0.207662 0.213544 0.219355 0.225095 0.230767 0.23637 0.241906 0.247375
0.41 0.203357 0.209346 0.215262 0.221106 0.226879 0.232582 0.238216 0.243782 0.249281
0.42 0.205072 0.211098 0.21705 0.222929 0.228736 0.234472 0.240138 0.245735 0.251265
0.43 0.206859 0.212922 0.218911 0.224826 0.230668 0.236438 0.242138 0.247768 0.253329
0.44 0.208718 0.214821 0.220848 0.226801 0.232679 0.238485 0.244219 0.249883 0.255477
0.45 0.210654 0.216798 0.222865 0.228856 0.234772 0.240615 0.246385 0.252083 0.257712
0.46 0.21267 0.218857 0.224965 0.230996 0.236951 0.242832 0.248639 0.254374 0.260038
0.47 0.214769 0.221 0.227151 0.233224 0.239219 0.245139 0.250985 0.256758 0.26246
0.48 0.216955 0.223232 0.229427 0.235543 0.241581 0.247542 0.253428 0.259241 0.264981
0.49 0.219233 0.225557 0.231798 0.237959 0.244041 0.250045 0.255973 0.261826 0.267606
0.50 0.221606 0.227979 0.234268 0.240476 0.246603 0.252652 0.258623 0.264519 0.27034
0.51 0.22408 0.230504 0.236843 0.243099 0.249273 0.255368 0.261384 0.267324 0.27319
0.52 0.226659 0.233136 0.239526 0.245833 0.252056 0.258199 0.264263 0.270249 0.27616
0.53 0.229349 0.235881 0.242325 0.248684 0.254959 0.261151 0.267264 0.273298 0.279257
0.54 0.232156 0.238745 0.245245 0.251658 0.257986 0.264231 0.270395 0.27648 0.282488
0.55 0.235086 0.241734 0.248293 0.254763 0.261147 0.267446 0.273664 0.279801 0.28586
0.56 0.238146 0.244857 0.251476 0.258005 0.264447 0.270803 0.277077 0.283269 0.289383
0.57 0.241344 0.248119 0.254802 0.261393 0.267895 0.274312 0.280644 0.286894 0.293065
0.58 0.244687 0.251531 0.258279 0.264935 0.271501 0.27798 0.284373 0.290684 0.296915
0.59 0.248186 0.2551 0.261918 0.268642 0.275274 0.281818 0.288277 0.294651 0.300945
0.60 0.25185 0.258838 0.265728 0.272523 0.279225 0.285839 0.292365 0.298807 0.305167
0.61 0.255689 0.262755 0.269721 0.27659 0.283367 0.290052 0.29665 0.303163 0.309594
0.62 0.259716 0.266863 0.273909 0.280857 0.287711 0.294473 0.301147 0.307736 0.314241
0.63 0.263943 0.271176 0.278306 0.285337 0.292273 0.299117 0.305871 0.312539 0.319125
0.64 0.268386 0.275709 0.282928 0.290047 0.29707 0.304 0.310839 0.317593 0.324263
0.65 0.273061 0.280479 0.287792 0.295004 0.302119 0.30914 0.316072 0.322916 0.329677
0.66 0.277985 0.285504 0.292917 0.300228 0.307442 0.314561 0.32159 0.328531 0.33539
0.67 0.283178 0.290805 0.298325 0.305742 0.31306 0.320285 0.327418 0.334465 0.341429
0.68 0.288665 0.296406 0.30404 0.31157 0.319002 0.326339 0.333586 0.340747 0.347825
0.69 0.294471 0.302335 0.310091 0.317743 0.325296 0.332756 0.340126 0.34741 0.354613
0.70 0.300625 0.308621 0.316509 0.324293 0.331979 0.339571 0.347075 0.354494 0.361834
0.71 0.307162 0.315301 0.323331 0.331258 0.339088 0.346826 0.354477 0.362046 0.369537
0.72 0.314121 0.322414 0.3306 0.338685 0.346673 0.354571 0.362385 0.370119 0.377779
0.73 0.321547 0.33001 0.338367 0.346624 0.354788 0.362864 0.370859 0.378779 0.386628
0.74 0.329494 0.338145 0.346691 0.35514 0.363499 0.371775 0.379974 0.388103 0.396168
0.75 0.338027 0.346885 0.355643 0.364307 0.372887 0.381389 0.389821 0.398189 0.406502
0.76 0.347222 0.356313 0.365309 0.374218 0.383049 0.39181 0.40051 0.409157 0.41776
0.77 0.357171 0.366527 0.375795 0.384985 0.394107 0.40317 0.412184 0.421161 0.430109
0.78 0.367992 0.377652 0.387236 0.396753 0.406216 0.415637 0.425028 0.434402 0.443772
0.79 0.379829 0.389845 0.399801 0.409708 0.419582 0.429437 0.439289 0.449155 0.459054
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Table B.15: Period vs Normalized output voltage v̂ from 0.80 to 0.87 in Presence of
Îo from –0.28 to –0.36.

Î0
-0.28 -0.29 -0.30 -0.31 -0.32 -0.33 -0.34 -0.35 -0.36

v̂ Period
0.80 0.392869 0.403311 0.413715 0.424097 0.434476 0.444873 0.455309 0.465809 0.4764
0.81 0.407361 0.418324 0.429284 0.440263 0.451288 0.462388 0.473596 0.484951 0.4965
0.82 0.423648 0.43527 0.446945 0.458706 0.470595 0.482657 0.494952 0.507551 0.520549
0.83 0.442223 0.454717 0.46736 0.480209 0.493335 0.50683 0.520816 0.535464 0.551029
0.84 0.463846 0.477572 0.49163 0.506136 0.52125 0.537204 0.554363 0.573375 0.59562
0.85 0.489817 0.505472 0.521884 0.539374 0.558484 0.580276 0.607561 0.666085
0.86 0.522759 0.542086 0.563649 0.589344 0.626719
0.87 0.570267 0.602108 0.659668
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Table B.16: Period vs Normalized output voltage v̂ from 0.00 to 0.39 in Presence of
Îo from –0.37 to –0.45.

Î0
-0.37 -0.38 -0.39 -0.40 -0.41 -0.42 -0.43 -0.44 -0.45

v̂ Period
0.00 0.219369 0.224177 0.228932 0.233633 0.23828 0.242874 0.247415 0.251905 0.256342
0.01 0.219409 0.224221 0.228978 0.233682 0.238332 0.242929 0.247474 0.251966 0.256408
0.02 0.219485 0.2243 0.22906 0.233767 0.23842 0.243021 0.247569 0.252066 0.256511
0.03 0.219596 0.224414 0.229178 0.233888 0.238545 0.24315 0.247702 0.252203 0.256653
0.04 0.219742 0.224564 0.229332 0.234046 0.238708 0.243316 0.247873 0.252378 0.256832
0.05 0.219923 0.224749 0.229522 0.234241 0.238907 0.24352 0.248082 0.252592 0.257051
0.06 0.22014 0.224971 0.229748 0.234472 0.239143 0.243762 0.248329 0.252844 0.257308
0.07 0.220392 0.225229 0.230012 0.234741 0.239418 0.244042 0.248614 0.253134 0.257604
0.08 0.220681 0.225523 0.230312 0.235047 0.239729 0.244359 0.248937 0.253464 0.25794
0.09 0.221006 0.225855 0.23065 0.235391 0.24008 0.244716 0.2493 0.253833 0.258315
0.10 0.221368 0.226223 0.231025 0.235773 0.240468 0.245111 0.249702 0.254242 0.25873
0.11 0.221766 0.226629 0.231438 0.236193 0.240896 0.245546 0.250144 0.25469 0.259186
0.12 0.222202 0.227073 0.23189 0.236653 0.241363 0.24602 0.250626 0.25518 0.259683
0.13 0.222676 0.227555 0.23238 0.237151 0.24187 0.246535 0.251149 0.255711 0.260222
0.14 0.223189 0.228077 0.23291 0.23769 0.242417 0.247091 0.251713 0.256283 0.260803
0.15 0.22374 0.228637 0.23348 0.238269 0.243005 0.247688 0.252319 0.256898 0.261426
0.16 0.224331 0.229238 0.234091 0.238889 0.243635 0.248327 0.252967 0.257555 0.262093
0.17 0.224962 0.229879 0.234742 0.239551 0.244306 0.249009 0.253659 0.258257 0.262803
0.18 0.225633 0.230562 0.235436 0.240255 0.245021 0.249734 0.254394 0.259002 0.263559
0.19 0.226346 0.231287 0.236172 0.241003 0.245779 0.250503 0.255174 0.259793 0.26436
0.20 0.227102 0.232054 0.236951 0.241794 0.246582 0.251317 0.255999 0.260629 0.265207
0.21 0.2279 0.232865 0.237775 0.24263 0.24743 0.252177 0.256871 0.261512 0.266102
0.22 0.228742 0.23372 0.238643 0.243511 0.248324 0.253083 0.25779 0.262443 0.267045
0.23 0.229629 0.234621 0.239558 0.244439 0.249265 0.254038 0.258757 0.263423 0.268037
0.24 0.230561 0.235568 0.240519 0.245414 0.250255 0.255041 0.259773 0.264452 0.269079
0.25 0.231541 0.236563 0.241529 0.246439 0.251293 0.256093 0.260839 0.265532 0.270173
0.26 0.232568 0.237606 0.242587 0.247512 0.252382 0.257197 0.261957 0.266665 0.271319
0.27 0.233644 0.238699 0.243696 0.248637 0.253523 0.258353 0.263128 0.26785 0.272519
0.28 0.23477 0.239842 0.244857 0.249815 0.254716 0.259562 0.264353 0.269091 0.273775
0.29 0.235948 0.241038 0.24607 0.251045 0.255964 0.260826 0.265634 0.270387 0.275088
0.30 0.237179 0.242288 0.247338 0.252331 0.257267 0.262147 0.266972 0.271742 0.276458
0.31 0.238465 0.243593 0.248662 0.253674 0.258628 0.263526 0.268368 0.273155 0.277889
0.32 0.239806 0.244955 0.250044 0.255074 0.260047 0.264964 0.269824 0.27463 0.279381
0.33 0.241206 0.246375 0.251484 0.256535 0.261528 0.266464 0.271343 0.276168 0.280937
0.34 0.242664 0.247855 0.252986 0.258058 0.263071 0.268027 0.272926 0.27777 0.282559
0.35 0.244184 0.249398 0.254551 0.259644 0.264679 0.269655 0.274575 0.279439 0.284248
0.36 0.245767 0.251005 0.25618 0.261296 0.266353 0.271352 0.276293 0.281178 0.286007
0.37 0.247416 0.252678 0.257878 0.263017 0.268096 0.273117 0.278081 0.282987 0.287838
0.38 0.249133 0.25442 0.259644 0.264808 0.269911 0.274956 0.279942 0.284871 0.289745
0.39 0.25092 0.256233 0.261483 0.266672 0.2718 0.276869 0.281879 0.286832 0.291728
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Table B.17: Period vs Normalized output voltage v̂ from 0.40 to 0.79 in Presence of
Îo from –0.37 to –0.45.

Î0
-0.37 -0.38 -0.39 -0.40 -0.41 -0.42 -0.43 -0.44 -0.45

v̂ Period
0.40 0.252779 0.25812 0.263397 0.268612 0.273765 0.278859 0.283895 0.288872 0.293793
0.41 0.254715 0.260083 0.265388 0.27063 0.275811 0.280931 0.285992 0.290995 0.29594
0.42 0.256728 0.262126 0.26746 0.27273 0.277938 0.283086 0.288174 0.293203 0.298175
0.43 0.258824 0.264252 0.269615 0.274915 0.280152 0.285328 0.290444 0.295501 0.3005
0.44 0.261004 0.266464 0.271858 0.277188 0.282456 0.287661 0.292806 0.297892 0.30292
0.45 0.263272 0.268765 0.274192 0.279554 0.284853 0.290089 0.295265 0.30038 0.305437
0.46 0.265634 0.271161 0.276621 0.282016 0.287348 0.292616 0.297823 0.30297 0.308058
0.47 0.268091 0.273654 0.27915 0.284579 0.289944 0.295246 0.300486 0.305666 0.310786
0.48 0.27065 0.27625 0.281782 0.287247 0.292648 0.297985 0.303259 0.308473 0.313627
0.49 0.273315 0.278953 0.284523 0.290026 0.295464 0.300837 0.306147 0.311397 0.316586
0.5 0.27609 0.281769 0.287379 0.292921 0.298397 0.303808 0.309156 0.314443 0.31967

0.51 0.278982 0.284703 0.290354 0.295937 0.301453 0.306905 0.312293 0.317619 0.322884
0.52 0.281996 0.287761 0.293456 0.299082 0.30464 0.310133 0.315563 0.32093 0.326236
0.53 0.28514 0.290951 0.296691 0.302361 0.307964 0.313501 0.318974 0.324385 0.329734
0.54 0.28842 0.294279 0.300066 0.305784 0.311433 0.317017 0.322535 0.327991 0.333386
0.55 0.291844 0.297753 0.30359 0.309357 0.315056 0.320688 0.326255 0.331759 0.337201
0.56 0.29542 0.301382 0.307272 0.313091 0.318841 0.324524 0.330142 0.335697 0.34119
0.57 0.299158 0.305176 0.311121 0.316995 0.322799 0.328537 0.334209 0.339817 0.345364
0.58 0.303068 0.309144 0.315148 0.321079 0.326941 0.332736 0.338465 0.344131 0.349735
0.59 0.30716 0.313299 0.319364 0.325357 0.33128 0.337136 0.342926 0.348652 0.354317
0.6 0.311448 0.317653 0.323783 0.329841 0.335829 0.34175 0.347605 0.353396 0.359126

0.61 0.315946 0.32222 0.328419 0.334547 0.340604 0.346594 0.352518 0.358379 0.364179
0.62 0.320667 0.327015 0.333289 0.33949 0.345621 0.351686 0.357684 0.363621 0.369496
0.63 0.325629 0.332057 0.33841 0.34469 0.350901 0.357045 0.363124 0.369141 0.375098
0.64 0.330852 0.337365 0.343802 0.350168 0.356464 0.362694 0.36886 0.374965 0.38101
0.65 0.336357 0.342961 0.34949 0.355947 0.362336 0.36866 0.37492 0.38112 0.387262
0.66 0.342168 0.34887 0.355498 0.362055 0.368545 0.374971 0.381334 0.387638 0.393886
0.67 0.348313 0.355122 0.361858 0.368524 0.375124 0.38166 0.388137 0.394557 0.400922
0.68 0.354825 0.361749 0.368603 0.375388 0.382109 0.388769 0.395371 0.401918 0.408414
0.69 0.361739 0.368791 0.375774 0.382691 0.389546 0.396343 0.403084 0.409774 0.416416
0.7 0.369099 0.376292 0.383419 0.390482 0.397487 0.404436 0.411335 0.418186 0.424993

0.71 0.376956 0.384306 0.391593 0.398821 0.405994 0.413116 0.420193 0.427227 0.434225
0.72 0.38537 0.392896 0.400364 0.407778 0.415142 0.422462 0.429744 0.436991 0.444209
0.73 0.394413 0.40214 0.409814 0.417441 0.425026 0.432575 0.440095 0.447591 0.455069
0.74 0.404176 0.412133 0.420045 0.427919 0.435762 0.443581 0.451383 0.459176 0.466967
0.75 0.414767 0.422992 0.431184 0.43935 0.4475 0.455643 0.463787 0.471942 0.48012
0.76 0.426328 0.434871 0.443396 0.451916 0.46044 0.46898 0.477549 0.48616 0.49483
0.77 0.439042 0.447969 0.456904 0.46586 0.474852 0.483897 0.493013 0.502221 0.511547
0.78 0.453153 0.46256 0.472012 0.481528 0.49113 0.500843 0.510699 0.520735 0.530994
0.79 0.469006 0.479035 0.489168 0.499435 0.509875 0.520533 0.531467 0.542751 0.554487
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Table B.18: Period vs Normalized output voltage v̂ from 0.80 to 0.84 in Presence of
Îo from –0.37 to –0.45.

Î0
-0.37 -0.38 -0.39 -0.40 -0.41 -0.42 -0.43 -0.44 -0.45

v̂ Period
0.80 0.487114 0.49799 0.509075 0.520426 0.532117 0.544248 0.556956 0.570447 0.585043
0.81 0.5083 0.520426 0.532974 0.546077 0.55993 0.574835 0.591321 0.610479 0.635552
0.82 0.534074 0.548307 0.56353 0.580212 0.599277 0.623144 0.675636
0.83 0.567927 0.586933 0.609864 0.644729
0.84 0.625561
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Table B.19: Period vs Normalized output voltage v̂ from 0.00 to 0.39 in Presence of
Îo from –0.46 to –0.54.

Î0
-0.46 -0.47 -0.48 -0.49 -0.5 -0.51 -0.52 -0.53 -0.54

v̂ Period
0.00 0.260729 0.265066 0.269353 0.27359 0.277779 0.28192 0.286013 0.29006 0.294061
0.01 0.260798 0.265139 0.269429 0.273671 0.277864 0.282009 0.286107 0.290159 0.294164
0.02 0.260906 0.26525 0.269545 0.273791 0.277989 0.282139 0.286241 0.290297 0.294308
0.03 0.261052 0.2654 0.2697 0.27395 0.278153 0.282307 0.286415 0.290476 0.294492
0.04 0.261236 0.26559 0.269894 0.274149 0.278357 0.282516 0.286629 0.290696 0.294717
0.05 0.261459 0.265818 0.270127 0.274388 0.278601 0.282766 0.286884 0.290956 0.294982
0.06 0.261722 0.266086 0.2704 0.274667 0.278885 0.283055 0.287179 0.291257 0.29529
0.07 0.262023 0.266393 0.270714 0.274986 0.27921 0.283386 0.287516 0.2916 0.295638
0.08 0.262365 0.266741 0.271067 0.275345 0.279575 0.283758 0.287894 0.291985 0.296029
0.09 0.262747 0.267129 0.271462 0.275746 0.279983 0.284172 0.288315 0.292411 0.296463
0.1 0.263169 0.267557 0.271897 0.276188 0.280432 0.284628 0.288777 0.292881 0.296939

0.11 0.263632 0.268028 0.272374 0.276673 0.280923 0.285126 0.289283 0.293394 0.297459
0.12 0.264136 0.26854 0.272894 0.277199 0.281457 0.285668 0.289832 0.29395 0.298023
0.13 0.264683 0.269094 0.273456 0.277769 0.282035 0.286253 0.290425 0.294551 0.298632
0.14 0.265272 0.269691 0.274061 0.278383 0.282656 0.286883 0.291063 0.295197 0.299286
0.15 0.265904 0.270332 0.27471 0.27904 0.283323 0.287557 0.291746 0.295888 0.299985
0.16 0.266579 0.271016 0.275404 0.279743 0.284034 0.288278 0.292475 0.296626 0.300732
0.17 0.2673 0.271746 0.276143 0.280491 0.284791 0.289044 0.293251 0.297411 0.301526
0.18 0.268065 0.272521 0.276928 0.281286 0.285596 0.289858 0.294074 0.298244 0.302368
0.19 0.268876 0.273343 0.27776 0.282128 0.286448 0.29072 0.294946 0.299125 0.303259
0.2 0.269735 0.274212 0.278639 0.283018 0.287348 0.291631 0.295867 0.300056 0.304201

0.21 0.27064 0.275129 0.279567 0.283957 0.288298 0.292591 0.296838 0.301038 0.305193
0.22 0.271595 0.276095 0.280545 0.284946 0.289298 0.293603 0.297861 0.302072 0.306238
0.23 0.272599 0.277111 0.281573 0.285986 0.29035 0.294667 0.298936 0.303159 0.307336
0.24 0.273654 0.278179 0.282654 0.287079 0.291455 0.295784 0.300065 0.3043 0.308489
0.25 0.274762 0.279299 0.283787 0.288225 0.292614 0.296955 0.301249 0.305496 0.309697
0.26 0.275922 0.280473 0.284974 0.289425 0.293828 0.298182 0.302489 0.306748 0.310962
0.27 0.277136 0.281702 0.286217 0.290682 0.295098 0.299466 0.303786 0.308059 0.312287
0.28 0.278407 0.282987 0.287517 0.291997 0.296427 0.300809 0.305143 0.30943 0.313671
0.29 0.279735 0.284331 0.288876 0.29337 0.297815 0.302212 0.30656 0.310862 0.315117
0.3 0.281122 0.285734 0.290294 0.294804 0.299265 0.303676 0.30804 0.312357 0.316626

0.31 0.282569 0.287198 0.291775 0.296301 0.300777 0.305205 0.309584 0.313916 0.318201
0.32 0.284079 0.288725 0.293319 0.297862 0.302355 0.306799 0.311194 0.315542 0.319844
0.33 0.285653 0.290317 0.294928 0.299489 0.303999 0.30846 0.312873 0.317238 0.321556
0.34 0.287294 0.291976 0.296606 0.301184 0.305713 0.310191 0.314622 0.319004 0.323339
0.35 0.289003 0.293704 0.298353 0.30295 0.307497 0.311995 0.316443 0.320844 0.325197
0.36 0.290782 0.295503 0.300172 0.304789 0.309356 0.313872 0.31834 0.322759 0.327131
0.37 0.292635 0.297377 0.302066 0.306704 0.311291 0.315827 0.320314 0.324753 0.329145
0.38 0.294563 0.299327 0.304038 0.308697 0.313304 0.317861 0.322369 0.326829 0.331241
0.39 0.296569 0.301356 0.306089 0.31077 0.3154 0.319979 0.324508 0.328989 0.333422
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Table B.20: Period vs Normalized output voltage v̂ from 0.40 to 0.79 in Presence of
Îo from –0.46 to –0.54.

Î0
-0.46 -0.47 -0.48 -0.49 -0.5 -0.51 -0.52 -0.53 -0.54

v̂ Period
0.40 0.298658 0.303468 0.308224 0.312928 0.31758 0.322182 0.326734 0.331237 0.335692
0.41 0.30083 0.305665 0.310446 0.315174 0.31985 0.324475 0.32905 0.333576 0.338054
0.42 0.303091 0.307951 0.312757 0.31751 0.322211 0.32686 0.33146 0.33601 0.340513
0.43 0.305443 0.31033 0.315162 0.319941 0.324668 0.329343 0.333968 0.338544 0.343071
0.44 0.30789 0.312805 0.317665 0.322471 0.327225 0.331927 0.336579 0.341181 0.345735
0.45 0.310437 0.315381 0.32027 0.325104 0.329886 0.334617 0.339296 0.343926 0.348508
0.46 0.313088 0.318062 0.322981 0.327846 0.332657 0.337417 0.342126 0.346785 0.351396
0.47 0.315849 0.320854 0.325804 0.3307 0.335543 0.340333 0.345073 0.349763 0.354404
0.48 0.318723 0.323762 0.328745 0.333673 0.338548 0.343371 0.348143 0.352865 0.357539
0.49 0.321717 0.326791 0.331808 0.336771 0.341681 0.346538 0.351343 0.356099 0.360806
0.5 0.324837 0.329947 0.335001 0.34 0.344946 0.349839 0.35468 0.359472 0.364215

0.51 0.32809 0.333239 0.338331 0.343368 0.348351 0.353282 0.358161 0.362991 0.367771
0.52 0.331483 0.336672 0.341804 0.346881 0.351904 0.356875 0.361795 0.366664 0.371484
0.53 0.335023 0.340255 0.34543 0.350549 0.355615 0.360628 0.36559 0.370501 0.375364
0.54 0.33872 0.343997 0.349217 0.354381 0.359491 0.364549 0.369556 0.374513 0.379421
0.55 0.342583 0.347907 0.353175 0.358387 0.363545 0.368651 0.373705 0.37871 0.383667
0.56 0.346623 0.351998 0.357315 0.362578 0.367787 0.372944 0.378049 0.383105 0.388114
0.57 0.35085 0.356279 0.361651 0.366967 0.37223 0.377441 0.382602 0.387713 0.392776
0.58 0.355279 0.360765 0.366194 0.371568 0.376889 0.382159 0.387378 0.392548 0.397671
0.59 0.359922 0.365469 0.37096 0.376396 0.38178 0.387112 0.392394 0.397629 0.402816
0.6 0.364797 0.37041 0.375967 0.381469 0.38692 0.39232 0.397671 0.402974 0.408232

0.61 0.36992 0.375604 0.381232 0.386807 0.39233 0.397804 0.403229 0.408608 0.413942
0.62 0.375313 0.381073 0.386778 0.392431 0.398034 0.403587 0.409093 0.414555 0.419972
0.63 0.380997 0.38684 0.39263 0.398368 0.404056 0.409697 0.415293 0.420845 0.426354
0.64 0.386999 0.392933 0.398814 0.404646 0.410429 0.416167 0.42186 0.427512 0.433124
0.65 0.393348 0.399382 0.405364 0.411299 0.417187 0.423031 0.428834 0.434598 0.440324
0.66 0.40008 0.406224 0.412318 0.418366 0.424371 0.430335 0.43626 0.442149 0.448004
0.67 0.407235 0.4135 0.41972 0.425896 0.432031 0.438129 0.444193 0.450224 0.456225
0.68 0.414861 0.421262 0.427622 0.433942 0.440225 0.446476 0.452697 0.458891 0.465061
0.69 0.423013 0.429569 0.436088 0.442572 0.449025 0.455451 0.461854 0.468237 0.474604
0.7 0.431761 0.438494 0.445195 0.451868 0.458518 0.465148 0.471764 0.47837 0.48497

0.71 0.44119 0.448126 0.45504 0.461934 0.468815 0.475688 0.482558 0.489431 0.496314
0.72 0.451403 0.45858 0.465744 0.472902 0.48006 0.487226 0.494406 0.501608 0.508841
0.73 0.462536 0.47 0.477467 0.484946 0.492444 0.499973 0.507541 0.515161 0.522845
0.74 0.474766 0.482581 0.490423 0.498302 0.506232 0.514226 0.5223 0.530472 0.538765
0.75 0.488331 0.49659 0.504911 0.513311 0.52181 0.53043 0.539198 0.548149 0.557323
0.76 0.503576 0.512418 0.521381 0.530493 0.539789 0.549311 0.559114 0.569271 0.579879
0.77 0.52102 0.530676 0.540559 0.550725 0.561248 0.572228 0.583808 0.596205 0.60978
0.78 0.541535 0.552433 0.563787 0.575742 0.588513 0.602457 0.618242 0.637467 0.667705
0.79 0.566816 0.579949 0.59423 0.61029 0.629578 0.657897
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Table B.21: Period vs Normalized output voltage v̂ from 0.80 to 0.81 in Presence of
Îo from –0.46 to –0.54

Î0
-0.46 -0.47 -0.48 -0.49 -0.5 -0.51 -0.52 -0.53 -0.54

v̂ Period
0.8 0.60133 0.620578 0.647139

0.81 0.67885
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Table B.22: Period vs Normalized output voltage v̂ from 0.00 to 0.39 in Presence of
Îo from –0.55 to –0.63.

Î0
-0.55 -0.56 -0.57 -0.58 -0.59 -0.6 -0.61 -0.62 -0.63

v̂ Period
0 0.298016 0.301926 0.305792 0.309614 0.313394 0.317131 0.320826 0.32448 0.328093

0.01 0.298124 0.302039 0.30591 0.309738 0.313522 0.317265 0.320966 0.324625 0.328245
0.02 0.298273 0.302193 0.306069 0.309902 0.313692 0.317441 0.321147 0.324813 0.328438
0.03 0.298462 0.302388 0.30627 0.310108 0.313904 0.317658 0.32137 0.325042 0.328673
0.04 0.298692 0.302624 0.306511 0.310355 0.314157 0.317917 0.321635 0.325313 0.32895
0.05 0.298964 0.302901 0.306794 0.310644 0.314452 0.318218 0.321943 0.325626 0.32927
0.06 0.299277 0.30322 0.307119 0.310976 0.31479 0.318562 0.322293 0.325983 0.329633
0.07 0.299632 0.303581 0.307487 0.31135 0.31517 0.318949 0.322686 0.326383 0.33004
0.08 0.300029 0.303985 0.307897 0.311766 0.315593 0.319379 0.323123 0.326827 0.330491
0.09 0.300469 0.304432 0.308351 0.312227 0.316061 0.319853 0.323604 0.327315 0.330986
0.1 0.300953 0.304922 0.308848 0.312731 0.316572 0.320371 0.32413 0.327848 0.331526

0.11 0.30148 0.305456 0.30939 0.31328 0.317128 0.320935 0.324701 0.328426 0.332112
0.12 0.302051 0.306035 0.309976 0.313874 0.31773 0.321544 0.325318 0.329051 0.332744
0.13 0.302668 0.30666 0.310608 0.314514 0.318378 0.3222 0.325981 0.329722 0.333423
0.14 0.30333 0.30733 0.311286 0.3152 0.319072 0.322902 0.326692 0.330441 0.33415
0.15 0.304038 0.308046 0.312011 0.315933 0.319814 0.323652 0.32745 0.331208 0.334926
0.16 0.304793 0.30881 0.312784 0.316715 0.320603 0.324451 0.328257 0.332024 0.33575
0.17 0.305596 0.309622 0.313605 0.317545 0.321442 0.325299 0.329114 0.33289 0.336625
0.18 0.306447 0.310483 0.314475 0.318424 0.322331 0.326197 0.330022 0.333806 0.337551
0.19 0.307349 0.311394 0.315395 0.319354 0.323271 0.327146 0.330981 0.334775 0.338529
0.2 0.3083 0.312355 0.316367 0.320336 0.324263 0.328148 0.331992 0.335796 0.339561

0.21 0.309303 0.313369 0.317391 0.32137 0.325307 0.329203 0.333057 0.336872 0.340646
0.22 0.310359 0.314435 0.318468 0.322458 0.326406 0.330312 0.334177 0.338002 0.341788
0.23 0.311468 0.315556 0.3196 0.323601 0.32756 0.331477 0.335354 0.339189 0.342986
0.24 0.312632 0.316732 0.320788 0.3248 0.328771 0.332699 0.336587 0.340434 0.344242
0.25 0.313853 0.317964 0.322032 0.326057 0.330039 0.33398 0.337879 0.341738 0.345558
0.26 0.315131 0.319255 0.323335 0.327373 0.331367 0.33532 0.339232 0.343103 0.346935
0.27 0.316468 0.320605 0.324699 0.328749 0.332756 0.336722 0.340646 0.34453 0.348374
0.28 0.317866 0.322017 0.326124 0.330187 0.334208 0.338187 0.342124 0.346021 0.349878
0.29 0.319326 0.323491 0.327612 0.331689 0.335724 0.339716 0.343668 0.347578 0.351449
0.3 0.320851 0.32503 0.329165 0.333257 0.337306 0.341313 0.345278 0.349203 0.353088

0.31 0.322441 0.326636 0.330786 0.334892 0.338956 0.342978 0.346958 0.350898 0.354797
0.32 0.324099 0.32831 0.332475 0.336598 0.340677 0.344714 0.34871 0.352664 0.356579
0.33 0.325828 0.330054 0.334236 0.338375 0.34247 0.346523 0.350535 0.354506 0.358436
0.34 0.327628 0.331872 0.336071 0.340226 0.344338 0.348408 0.352436 0.356424 0.360371
0.35 0.329504 0.333765 0.337982 0.342155 0.346284 0.350371 0.354417 0.358421 0.362386
0.36 0.331457 0.335736 0.339972 0.344163 0.34831 0.352416 0.356479 0.360502 0.364484
0.37 0.33349 0.337789 0.342043 0.346253 0.35042 0.354544 0.358626 0.362667 0.366668
0.38 0.335606 0.339925 0.344199 0.348429 0.352615 0.356759 0.360861 0.364922 0.368943
0.39 0.337808 0.342148 0.346443 0.350694 0.354901 0.359065 0.363188 0.367269 0.37131
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Chapter B – Tables of Series Resonant Converter Data

Table B.23: Period vs Normalized output voltage v̂ from 0.40 to 0.77 in Presence of
Îo from –0.55 to –0.63.

Î0
-0.55 -0.56 -0.57 -0.58 -0.59 -0.6 -0.61 -0.62 -0.63

v̂ Period
0.40 0.3401 0.344462 0.348779 0.353051 0.35728 0.361465 0.365609 0.369712 0.373775
0.41 0.342485 0.34687 0.351209 0.355504 0.359756 0.363964 0.36813 0.372256 0.37634
0.42 0.344968 0.349376 0.353739 0.358058 0.362333 0.366565 0.370755 0.374904 0.379012
0.43 0.347551 0.351985 0.356373 0.360717 0.365016 0.369273 0.373488 0.377661 0.381794
0.44 0.350241 0.354701 0.359115 0.363485 0.367811 0.372093 0.376334 0.380533 0.384692
0.45 0.353042 0.357529 0.361971 0.366368 0.370721 0.375031 0.379299 0.383526 0.387712
0.46 0.355959 0.360475 0.364945 0.369371 0.373753 0.378092 0.382389 0.386644 0.390859
0.47 0.358997 0.363544 0.368045 0.372501 0.376913 0.381282 0.385609 0.389895 0.394141
0.48 0.362164 0.366743 0.371275 0.375763 0.380208 0.384609 0.388968 0.393287 0.397565
0.49 0.365466 0.370078 0.374645 0.379167 0.383645 0.38808 0.392474 0.396826 0.401138
0.5 0.368909 0.373558 0.37816 0.382718 0.387232 0.391703 0.396133 0.400522 0.404871

0.51 0.372504 0.37719 0.38183 0.386426 0.390978 0.395488 0.399956 0.404384 0.408771
0.52 0.376257 0.380983 0.385664 0.3903 0.394893 0.399444 0.403953 0.408422 0.412851
0.53 0.38018 0.384949 0.389672 0.394352 0.398988 0.403582 0.408135 0.412648 0.417123
0.54 0.384282 0.389096 0.393866 0.398591 0.403274 0.407915 0.412515 0.417076 0.421598
0.55 0.388576 0.393439 0.398258 0.403033 0.407765 0.412457 0.417108 0.42172 0.426293
0.56 0.393075 0.39799 0.402862 0.40769 0.412476 0.417222 0.421927 0.426595 0.431225
0.57 0.397793 0.402765 0.407694 0.412579 0.417423 0.422228 0.426993 0.43172 0.436411
0.58 0.402749 0.407781 0.412771 0.417719 0.422626 0.427494 0.432324 0.437117 0.441874
0.59 0.407959 0.413058 0.418114 0.42313 0.428105 0.433043 0.437944 0.442808 0.447639
0.6 0.413445 0.418616 0.423745 0.428835 0.433886 0.4389 0.443878 0.448822 0.453734

0.61 0.419233 0.424482 0.429691 0.434862 0.439996 0.445094 0.450159 0.45519 0.460191
0.62 0.425348 0.430684 0.435981 0.441242 0.446468 0.45166 0.45682 0.46195 0.467051
0.63 0.431824 0.437256 0.442651 0.448012 0.45334 0.458637 0.463905 0.469145 0.474359
0.64 0.438699 0.444237 0.449742 0.455215 0.460658 0.466073 0.471463 0.476828 0.482172
0.65 0.446016 0.451674 0.457303 0.462903 0.468476 0.474026 0.479555 0.485064 0.490557
0.66 0.453828 0.459623 0.465392 0.471137 0.476861 0.482566 0.488256 0.493933 0.4996
0.67 0.4622 0.468152 0.474083 0.479995 0.485894 0.491781 0.49766 0.503534 0.509408
0.68 0.471211 0.477344 0.483464 0.489574 0.495678 0.501781 0.507886 0.513999 0.520124
0.69 0.480959 0.487306 0.49365 0.499996 0.506348 0.512713 0.519095 0.525501 0.531939
0.70 0.49157 0.498175 0.504792 0.511425 0.518083 0.524773 0.531504 0.538284 0.545124
0.71 0.503213 0.510135 0.51709 0.524086 0.531133 0.538243 0.545428 0.552705 0.560091
0.72 0.516116 0.523442 0.530833 0.538302 0.545865 0.553543 0.561358 0.569338 0.577518
0.73 0.53061 0.538471 0.546451 0.554573 0.562868 0.571372 0.580133 0.589212 0.598695
0.74 0.547205 0.555822 0.564657 0.57376 0.583197 0.593057 0.603469 0.614628 0.626858
0.75 0.566773 0.576568 0.586803 0.597614 0.609206 0.621925 0.636431 0.654376 0.685669
0.76 0.591079 0.603084 0.616252 0.631269 0.649852 0.682511
0.77 0.625222 0.644226 0.676194
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Table B.24: Period vs Normalized output voltage v̂ from 0.00 to 0.39 in Presence of
Îo from –0.64 to –0.72.

Î0
-0.64 -0.65 -0.66 -0.67 -0.68 -0.69 -0.7 -0.71 -0.72

v̂ Period
0.00 0.331667 0.335202 0.338697 0.342155 0.345575 0.348958 0.352304 0.355615 0.35889
0.01 0.331824 0.335365 0.338866 0.34233 0.345756 0.349146 0.352499 0.355816 0.359098
0.02 0.332023 0.33557 0.339078 0.342548 0.34598 0.349376 0.352736 0.35606 0.359348
0.03 0.332265 0.335817 0.339331 0.342808 0.346247 0.349649 0.353015 0.356346 0.359641
0.04 0.332548 0.336107 0.339628 0.343111 0.346556 0.349965 0.353338 0.356676 0.359978
0.05 0.332875 0.33644 0.339967 0.343457 0.346909 0.350325 0.353705 0.357049 0.360358
0.06 0.333244 0.336816 0.34035 0.343847 0.347306 0.350729 0.354115 0.357467 0.360783
0.07 0.333658 0.337237 0.340777 0.344281 0.347747 0.351177 0.35457 0.357929 0.361253
0.08 0.334115 0.337701 0.341249 0.344759 0.348233 0.35167 0.355071 0.358436 0.361767
0.09 0.334618 0.338211 0.341766 0.345283 0.348764 0.352208 0.355617 0.35899 0.362328
0.1 0.335165 0.338766 0.342328 0.345853 0.349341 0.352793 0.356209 0.35959 0.362936

0.11 0.335759 0.339367 0.342937 0.346469 0.349965 0.353425 0.356848 0.360237 0.363591
0.12 0.336398 0.340014 0.343592 0.347133 0.350636 0.354104 0.357535 0.360932 0.364294
0.13 0.337086 0.340709 0.344295 0.347844 0.351356 0.354831 0.358271 0.361676 0.365046
0.14 0.337821 0.341453 0.345047 0.348604 0.352124 0.355608 0.359056 0.362469 0.365848
0.15 0.338605 0.342245 0.345848 0.349413 0.352941 0.356434 0.359891 0.363313 0.3667
0.16 0.339438 0.343087 0.346698 0.350273 0.35381 0.357311 0.360777 0.364207 0.367603
0.17 0.340322 0.34398 0.3476 0.351183 0.35473 0.35824 0.361715 0.365155 0.36856
0.18 0.341257 0.344925 0.348554 0.352147 0.355702 0.359222 0.362706 0.366155 0.36957
0.19 0.342245 0.345922 0.349561 0.353163 0.356728 0.360258 0.363751 0.36721 0.370634
0.20 0.343286 0.346973 0.350622 0.354234 0.357809 0.361348 0.364852 0.36832 0.371754
0.21 0.344382 0.348079 0.351738 0.355361 0.358946 0.362495 0.366009 0.369488 0.372932
0.22 0.345534 0.349241 0.352911 0.356544 0.36014 0.3637 0.367224 0.370713 0.374168
0.23 0.346743 0.350461 0.354142 0.357786 0.361392 0.364963 0.368498 0.371999 0.375464
0.24 0.34801 0.35174 0.355432 0.359087 0.362705 0.366287 0.369833 0.373345 0.376822
0.25 0.349338 0.353079 0.356783 0.36045 0.364079 0.367673 0.371231 0.374754 0.378243
0.26 0.350727 0.354481 0.358196 0.361875 0.365517 0.369122 0.372692 0.376228 0.379728
0.27 0.352179 0.355945 0.359674 0.363365 0.367019 0.370637 0.37422 0.377767 0.38128
0.28 0.353696 0.357476 0.361217 0.364921 0.368588 0.372219 0.375815 0.379375 0.382901
0.29 0.355281 0.359073 0.362828 0.366546 0.370226 0.373871 0.37748 0.381054 0.384593
0.30 0.356933 0.36074 0.364509 0.368241 0.371935 0.375594 0.379217 0.382804 0.386358
0.31 0.358657 0.362479 0.366262 0.370008 0.373717 0.37739 0.381028 0.38463 0.388198
0.32 0.360455 0.364291 0.36809 0.371851 0.375575 0.379263 0.382915 0.386533 0.390115
0.33 0.362327 0.36618 0.369994 0.373771 0.377511 0.381214 0.384882 0.388515 0.392114
0.34 0.364278 0.368147 0.371978 0.375771 0.379527 0.383247 0.386932 0.390581 0.394196
0.35 0.366311 0.370196 0.374044 0.377854 0.381628 0.385365 0.389066 0.392732 0.396364
0.36 0.368427 0.37233 0.376196 0.380024 0.383815 0.38757 0.391289 0.394973 0.398623
0.37 0.37063 0.374552 0.378436 0.382283 0.386093 0.389866 0.393604 0.397306 0.400975
0.38 0.372923 0.376865 0.380769 0.384635 0.388464 0.392257 0.396014 0.399736 0.403424
0.39 0.375311 0.379273 0.383197 0.387084 0.390933 0.394747 0.398524 0.402267 0.405975
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Table B.25: Period vs Normalized output voltage v̂ from 0.40 to 0.74 in Presence of
Îo from –0.64 to –0.72.

Î0
-0.64 -0.65 -0.66 -0.67 -0.68 -0.69 -0.7 -0.71 -0.72

v̂ Period
0.40 0.377797 0.381781 0.385726 0.389634 0.393505 0.397339 0.401138 0.404903 0.408632
0.41 0.380385 0.384391 0.388359 0.392289 0.396183 0.40004 0.403861 0.407648 0.4114
0.42 0.38308 0.38711 0.391101 0.395055 0.398972 0.402853 0.406698 0.410508 0.414285
0.43 0.385887 0.389942 0.393958 0.397936 0.401878 0.405784 0.409654 0.413489 0.417291
0.44 0.388812 0.392892 0.396934 0.400939 0.404907 0.408839 0.412735 0.416597 0.420425
0.45 0.391859 0.395966 0.400036 0.404068 0.408064 0.412024 0.415948 0.419838 0.423694
0.46 0.395035 0.399172 0.403271 0.407332 0.411357 0.415346 0.4193 0.42322 0.427106
0.47 0.398347 0.402515 0.406645 0.410737 0.414793 0.418814 0.422799 0.426751 0.430668
0.48 0.401804 0.406004 0.410166 0.414291 0.418381 0.422434 0.426453 0.430438 0.43439
0.49 0.405412 0.409646 0.413844 0.418004 0.422128 0.426218 0.430272 0.434293 0.438281
0.5 0.409181 0.413452 0.417687 0.421884 0.426047 0.430174 0.434267 0.438326 0.442353

0.51 0.41312 0.417432 0.421706 0.425944 0.430146 0.434314 0.438448 0.442549 0.446618
0.52 0.417242 0.421596 0.425912 0.430193 0.434439 0.438651 0.442829 0.446975 0.451089
0.53 0.421558 0.425957 0.43032 0.434647 0.438939 0.443198 0.447424 0.451619 0.455782
0.54 0.426083 0.43053 0.434942 0.439319 0.443663 0.447973 0.452251 0.456497 0.460713
0.55 0.43083 0.435331 0.439796 0.444227 0.448626 0.452991 0.457326 0.46163 0.465904
0.56 0.435818 0.440376 0.4449 0.44939 0.453848 0.458275 0.462672 0.467038 0.471377
0.57 0.441066 0.445687 0.450275 0.45483 0.459354 0.463847 0.468312 0.472748 0.477157
0.58 0.446597 0.451287 0.455944 0.46057 0.465167 0.469734 0.474274 0.478787 0.483274
0.59 0.452436 0.457202 0.461936 0.466641 0.471318 0.475967 0.480591 0.48519 0.489765
0.60 0.458613 0.463462 0.468283 0.473076 0.477842 0.482584 0.487301 0.491997 0.496672
0.61 0.465163 0.470106 0.475022 0.479914 0.484781 0.489626 0.494451 0.499256 0.504044
0.62 0.472125 0.477174 0.482199 0.487202 0.492184 0.497148 0.502095 0.507026 0.511944
0.63 0.47955 0.484719 0.489868 0.494998 0.500113 0.505213 0.510301 0.515379 0.520449
0.64 0.487496 0.492803 0.498094 0.503373 0.50864 0.5139 0.519154 0.524405 0.529656
0.65 0.496036 0.501503 0.506961 0.512413 0.517862 0.523311 0.528763 0.534223 0.539693
0.66 0.50526 0.510916 0.516573 0.522233 0.5279 0.533578 0.539273 0.544989 0.550731
0.67 0.515285 0.52117 0.527067 0.53298 0.538916 0.544881 0.55088 0.556921 0.563013
0.68 0.526266 0.532432 0.538628 0.544861 0.551139 0.557472 0.563868 0.570341 0.576904
0.69 0.538415 0.544939 0.551521 0.558171 0.564903 0.571732 0.578676 0.585756 0.592999
0.70 0.552037 0.559037 0.566141 0.573367 0.58074 0.588288 0.59605 0.604071 0.612414
0.71 0.567608 0.575281 0.583142 0.591232 0.599603 0.608325 0.617497 0.627262 0.637849
0.72 0.585941 0.594665 0.603768 0.613358 0.623599 0.634753 0.6473 0.662316 0.683812
0.73 0.6087 0.619407 0.631112 0.644366 0.660472 0.68522
0.74 0.640772 0.657875 0.686118
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Table B.26: Period vs Normalized output voltage v̂ from 0.00 to 0.39 in Presence of
Îo from –0.73 to –0.80.

Î0
-0.73 -0.74 -0.75 -0.76 -0.77 -0.78 -0.79 -0.8

v̂ Period
0.00 0.362131 0.365338 0.36851 0.37165 0.374757 0.377832 0.380875 0.380875
0.01 0.362345 0.365559 0.368738 0.371885 0.374999 0.37808 0.38113 0.38113
0.02 0.362602 0.365822 0.369009 0.372162 0.375283 0.378372 0.381429 0.381429
0.03 0.362902 0.366129 0.369323 0.372483 0.375611 0.378707 0.381772 0.381772
0.04 0.363246 0.36648 0.36968 0.372848 0.375983 0.379086 0.382158 0.382158
0.05 0.363633 0.366874 0.370082 0.373257 0.376399 0.37951 0.382589 0.382589
0.06 0.364065 0.367313 0.370528 0.37371 0.37686 0.379978 0.383065 0.383065
0.07 0.364542 0.367797 0.37102 0.374209 0.377366 0.380492 0.383586 0.383586
0.08 0.365064 0.368327 0.371557 0.374754 0.377919 0.381052 0.384154 0.384154
0.09 0.365633 0.368903 0.372141 0.375345 0.378518 0.381659 0.384769 0.384769
0.10 0.366248 0.369526 0.372772 0.375984 0.379165 0.382313 0.385431 0.385431
0.11 0.366911 0.370197 0.37345 0.376671 0.379859 0.383016 0.386142 0.386142
0.12 0.367622 0.370916 0.374178 0.377406 0.380603 0.383768 0.386902 0.386902
0.13 0.368382 0.371685 0.374954 0.378191 0.381396 0.38457 0.387712 0.387712
0.14 0.369192 0.372503 0.375781 0.379027 0.38224 0.385423 0.388574 0.388574
0.15 0.370053 0.373373 0.37666 0.379914 0.383136 0.386327 0.389487 0.389487
0.16 0.370966 0.374294 0.37759 0.380853 0.384085 0.387284 0.390453 0.390453
0.17 0.371931 0.375269 0.378574 0.381846 0.385087 0.388296 0.391474 0.391474
0.18 0.37295 0.376297 0.379612 0.382893 0.386143 0.389362 0.392549 0.392549
0.19 0.374024 0.377381 0.380705 0.383997 0.387256 0.390484 0.393682 0.393682
0.20 0.375155 0.378521 0.381855 0.385157 0.388426 0.391665 0.394872 0.394872
0.21 0.376342 0.379719 0.383064 0.386375 0.389655 0.392904 0.396121 0.396121
0.22 0.377589 0.380977 0.384331 0.387654 0.390944 0.394203 0.397431 0.397431
0.23 0.378896 0.382295 0.38566 0.388993 0.392295 0.395565 0.398804 0.398804
0.24 0.380265 0.383675 0.387052 0.390396 0.393709 0.39699 0.40024 0.40024
0.25 0.381697 0.385119 0.388507 0.391863 0.395188 0.398481 0.401743 0.401743
0.26 0.383195 0.386628 0.390029 0.393397 0.396733 0.400038 0.403312 0.403312
0.27 0.38476 0.388205 0.391618 0.394999 0.398348 0.401665 0.404952 0.404952
0.28 0.386393 0.389852 0.393278 0.396672 0.400033 0.403364 0.406663 0.406663
0.29 0.388099 0.391571 0.39501 0.398417 0.401792 0.405136 0.408449 0.408449
0.30 0.389877 0.393363 0.396816 0.400237 0.403626 0.406984 0.410311 0.410311
0.31 0.391731 0.395232 0.3987 0.402135 0.405539 0.408911 0.412252 0.412252
0.32 0.393664 0.39718 0.400663 0.404113 0.407532 0.410919 0.414276 0.414276
0.33 0.395678 0.39921 0.402708 0.406174 0.409609 0.413012 0.416384 0.416384
0.34 0.397777 0.401324 0.404839 0.408321 0.411772 0.415192 0.418581 0.418581
0.35 0.399962 0.403527 0.407059 0.410558 0.414026 0.417463 0.420869 0.420869
0.36 0.402239 0.405821 0.409371 0.412888 0.416374 0.419829 0.423253 0.423253
0.37 0.404609 0.40821 0.411779 0.415315 0.41882 0.422293 0.425736 0.425736
0.38 0.407078 0.410699 0.414287 0.417843 0.421367 0.42486 0.428323 0.428323
0.39 0.40965 0.413291 0.4169 0.420476 0.424021 0.427535 0.431019 0.431019
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Table B.27: Period vs Normalized output voltage v̂ from 0.40 to 0.70 in Presence of
Îo from –0.73 to –0.80.

Î0
-0.73 -0.74 -0.75 -0.76 -0.77 -0.78 -0.79 -0.8

v̂ Period
0.40 0.412328 0.415991 0.419621 0.42322 0.426787 0.430322 0.433828 0.433828
0.41 0.415119 0.418805 0.422458 0.426079 0.429669 0.433228 0.436756 0.436756
0.42 0.418027 0.421737 0.425414 0.429059 0.432673 0.436257 0.43981 0.43981
0.43 0.421058 0.424793 0.428496 0.432167 0.435807 0.439416 0.442995 0.442995
0.44 0.42422 0.427981 0.431711 0.435409 0.439076 0.442712 0.446319 0.446319
0.45 0.427517 0.431307 0.435065 0.438792 0.442488 0.446154 0.44979 0.44979
0.46 0.430959 0.434779 0.438568 0.442325 0.446052 0.449749 0.453416 0.453416
0.47 0.434553 0.438406 0.442227 0.446017 0.449777 0.453507 0.457208 0.457208
0.48 0.438309 0.442196 0.446052 0.449877 0.453672 0.457438 0.461175 0.461175
0.49 0.442237 0.446161 0.450054 0.453917 0.45775 0.461554 0.465329 0.465329
0.50 0.446348 0.450312 0.454245 0.458148 0.462022 0.465867 0.469685 0.469685
0.51 0.450655 0.454661 0.458638 0.462585 0.466503 0.470393 0.474255 0.474255
0.52 0.455172 0.459224 0.463247 0.467242 0.471208 0.475147 0.479059 0.479059
0.53 0.459914 0.464017 0.468091 0.472137 0.476156 0.480148 0.484114 0.484114
0.54 0.4649 0.469058 0.473187 0.47729 0.481366 0.485416 0.489442 0.489442
0.55 0.47015 0.474368 0.478559 0.482723 0.486863 0.490978 0.495069 0.495069
0.56 0.475688 0.479972 0.48423 0.488463 0.492673 0.49686 0.501024 0.501024
0.57 0.481539 0.485897 0.49023 0.49454 0.498828 0.503095 0.507341 0.507341
0.58 0.487737 0.492177 0.496594 0.50099 0.505366 0.509723 0.514063 0.514063
0.59 0.494318 0.49885 0.503362 0.507856 0.512332 0.516792 0.521237 0.521237
0.60 0.501327 0.505963 0.510583 0.515188 0.519779 0.524357 0.528925 0.528925
0.61 0.508816 0.513573 0.518317 0.52305 0.527774 0.532491 0.537202 0.537202
0.62 0.516851 0.521748 0.526637 0.531521 0.536402 0.541282 0.546164 0.546164
0.63 0.525514 0.530576 0.535637 0.540701 0.545771 0.550849 0.555938 0.555938
0.64 0.53491 0.54017 0.54544 0.550723 0.556024 0.561346 0.566696 0.566696
0.65 0.545177 0.550681 0.55621 0.561767 0.567361 0.572996 0.578682 0.578682
0.66 0.556505 0.562318 0.568178 0.574092 0.580071 0.586125 0.592267 0.592267
0.67 0.569164 0.575386 0.581691 0.588092 0.594609 0.60126 0.608073 0.608073
0.68 0.583573 0.590367 0.59731 0.604432 0.611769 0.619369 0.627297 0.627297
0.69 0.600437 0.608113 0.616081 0.624418 0.633229 0.642677 0.653029 0.653029
0.70 0.621167 0.630453 0.640469 0.651544 0.664344 0.680669 0.714353 0.714353
0.71 0.649662 0.66356 0.682246 0.711202
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Table B.28: Coefficients of resulted equivalent polynomials by Data Fitting applica-
tion.

Î0 a0 a1 a2 a3
-0.01 0.04525 -0.02902 0.007814 0.006021
-0.02 0.1334 -0.08501 0.02295 0.01807
-0.03 0.1752 -0.1111 0.03006 0.02411
-0.04 0.215 -0.1355 0.03677 0.03015
-0.05 0.2526 -0.158 0.04302 0.03619
-0.06 0.2878 -0.1785 0.0488 0.04224
-0.07 0.3205 -0.1971 0.05412 0.04829
-0.08 0.3509 -0.2138 0.05899 0.05433
-0.09 0.3791 -0.2287 0.06345 0.06036
-0.1 0.4052 -0.2421 0.06753 0.06638

-0.11 0.4294 -0.2541 0.0713 0.07239
-0.12 0.452 -0.2649 0.07478 0.07837
-0.13 0.4731 -0.2747 0.07804 0.08432
-0.14 0.4929 -0.2838 0.08112 0.09025
-0.15 0.5118 -0.2923 0.08405 0.09613
-0.16 0.5298 -0.3003 0.08687 0.102
-0.17 0.5471 -0.3081 0.08963 0.1078
-0.18 0.5639 -0.3158 0.09235 0.1136
-0.19 0.5803 -0.3234 0.09507 0.1193
-0.2 0.5966 -0.3311 0.09779 0.1249

-0.21 0.6127 -0.3391 0.1006 0.1306
-0.22 0.6288 -0.3473 0.1034 0.1361
-0.23 0.6451 -0.3559 0.1063 0.1416
-0.24 0.6615 -0.365 0.1093 0.1471
-0.25 0.6783 -0.3745 0.1124 0.1525
-0.26 0.6955 -0.3847 0.1156 0.1578
-0.27 0.7131 -0.3955 0.119 0.163
-0.28 0.7313 -0.407 0.1226 0.1683
-0.29 0.7502 -0.4194 0.1263 0.1734
-0.3 0.7698 -0.4325 0.1302 0.1785

-0.31 0.7902 -0.4467 0.1344 0.1835
-0.32 0.8116 -0.4618 0.1388 0.1884
-0.33 0.834 -0.4781 0.1434 0.1933
-0.34 0.8575 -0.4956 0.1483 0.1981
-0.35 0.8823 -0.5144 0.1536 0.2029
-0.36 0.9085 -0.5347 0.1592 0.2075
-0.37 0.9363 -0.5566 0.1652 0.2121
-0.38 0.966 -0.5803 0.1716 0.2166
-0.39 0.9976 -0.6062 0.1786 0.2211
-0.4 1.032 -0.6344 0.1861 0.2254
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Table B.29: Coefficients of resulted equivalent polynomials by Data Fitting applica-
tion.

Î0 a0 a1 a2 a3
-0.41 1.068 -0.6653 0.1944 0.2297
-0.42 1.108 -0.6994 0.2034 0.2339
-0.43 1.152 -0.7374 0.2134 0.238
-0.44 1.201 -0.7802 0.2246 0.2419
-0.45 1.256 -0.8291 0.2374 0.2458
-0.46 1.319 -0.8866 0.2523 0.2495
-0.47 1.395 -0.9572 0.2707 0.2529
-0.48 1.499 -1.056 0.2962 0.256
-0.49 1.335 -0.8806 0.2501 0.2626
-0.5 1.415 -0.954 0.2689 0.2659

-0.51 1.529 -1.062 0.2965 0.2687
-0.52 1.351 -0.8739 0.2476 0.2753
-0.53 1.434 -0.9497 0.2668 0.2785
-0.54 1.56 -1.067 0.2966 0.2811
-0.55 1.364 -0.8659 0.2448 0.2877
-0.56 1.45 -0.9434 0.2642 0.2907
-0.57 1.588 -1.071 0.2962 0.2931
-0.58 1.377 -0.8564 0.2417 0.2996
-0.59 1.464 -0.9347 0.2611 0.3025
-0.6 1.61 -1.069 0.2942 0.3047

-0.61 1.387 -0.845 0.2383 0.3112
-0.62 1.475 -0.9232 0.2573 0.314
-0.63 1.622 -1.056 0.2898 0.3161
-0.64 1.385 -0.8318 0.2344 0.3224
-0.65 1.483 -0.9086 0.2529 0.3251
-0.66 1.623 -1.033 0.283 0.3273
-0.67 1.4 -0.8165 0.2302 0.3333
-0.68 1.487 -0.891 0.2479 0.3359
-0.69 1.617 -1.005 0.275 0.3381
-0.7 1.403 -0.7992 0.2257 0.3438

-0.71 1.488 -0.8707 0.2425 0.3464
-0.72 1.607 -0.9737 0.2666 0.3487
-0.73 1.404 -0.7799 0.2208 0.354
-0.74 1.486 -0.8479 0.2366 0.3566
-0.75 1.596 -0.9408 0.2581 0.3589
-0.76 1.761 -1.084 0.2912 0.3606
-0.77 1.481 -0.823 0.2304 0.3665
-0.78 1.582 -0.9069 0.2496 0.3688
-0.79 1.777 -1.074 0.2878 0.3702
-0.8 1.777 -1.074 0.2878 0.3702
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Table B.30: Simulation and Practical Test results of the SRC code Model.
Power Frequency[kHz] v̂ Î0

Simimulated Practical
0.01 inf inf 0.09394 -0.1065
0.02 323.63 323.42 0.1328 -0.1506
0.03 268.90 268.82 0.1627 -0.1844
0.04 235.30 235.16 0.1879 -0.2129
0.05 212.40 212.40 0.2100 -0.2380
0.06 195.20 195.31 0.2301 -0.2608
0.07 181.60 181.55 0.2485 -0.2817
0.08 inf inf 0.2657 -0.3011
0.09 161.00 160.98 0.2818 -0.3194
0.10 153.10 153.08 0.2971 -0.3366
0.11 146.20 146.20 0.3116 -0.3531
0.12 140.10 140.13 0.3254 -0.3688
0.13 134.70 134.63 0.3387 -0.3838
0.14 129.80 129.74 0.3515 -0.3983
0.15 126.70 126.70 0.3638 -0.4123
0.16 122.70 122.73 0.3757 -0.4258
0.17 119.00 119.05 0.3873 -0.4389
0.18 115.50 115.53 0.3985 -0.4517
0.19 112.20 112.26 0.4095 -0.4640
0.20 109.20 109.17 0.4201 -0.4761
0.21 inf inf 0.4305 -0.4878
0.22 104.00 103.99 0.4406 -0.4993
0.23 inf inf 0.4505 -0.5105
0.24 99.190 99.210 0.4602 -0.5215
0.25 96.790 96.750 0.4697 -0.5323

223



Chapter B – Tables of Series Resonant Converter Data

Table B.31: Normalized Power p̂ vs Normalized initial resonant current Î0 in presence
of normalized output voltage v̂.

v̂
0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09

Î0 p̂
-0.01 5E-05 1E-04 0.00015 0.0002 0.00025 0.0003 0.00035 0.0004 0.00045
-0.02 1E-04 0.0002 0.0003 0.0004 0.0005 0.000599 0.0007 0.0008 0.0009
-0.03 0.00015 0.0003 0.00045 0.0006 0.00075 0.000899 0.00105 0.0012 0.001349
-0.04 0.0002 0.0004 0.0006 0.000799 0.000999 0.001199 0.001399 0.001599 0.001799
-0.05 0.00025 0.000499 0.000749 0.000999 0.001249 0.001498 0.001748 0.001998 0.002248
-0.06 0.0003 0.000599 0.000899 0.001198 0.001498 0.001797 0.002097 0.002396 0.002696
-0.07 0.000349 0.000699 0.001048 0.001397 0.001746 0.002096 0.002445 0.002794 0.003144
-0.08 0.000399 0.000798 0.001197 0.001596 0.001995 0.002394 0.002793 0.003192 0.003591
-0.09 0.000449 0.000897 0.001346 0.001794 0.002243 0.002691 0.00314 0.003588 0.004037
-0.1 0.000498 0.000996 0.001494 0.001992 0.00249 0.002988 0.003486 0.003984 0.004482

-0.11 0.000547 0.001095 0.001642 0.002189 0.002737 0.003284 0.003831 0.004378 0.004926
-0.12 0.000597 0.001193 0.00179 0.002386 0.002983 0.003579 0.004176 0.004772 0.005369
-0.13 0.000646 0.001291 0.001937 0.002582 0.003228 0.003874 0.004519 0.005165 0.00581
-0.14 0.000695 0.001389 0.002084 0.002778 0.003473 0.004167 0.004862 0.005556 0.006251
-0.15 0.000743 0.001487 0.00223 0.002973 0.003717 0.00446 0.005203 0.005947 0.00669
-0.16 0.000792 0.001584 0.002376 0.003168 0.00396 0.004752 0.005544 0.006336 0.007128
-0.17 0.00084 0.001681 0.002521 0.003362 0.004202 0.005043 0.005883 0.006723 0.007564
-0.18 0.000889 0.001777 0.002666 0.003555 0.004444 0.005332 0.006221 0.00711 0.007999
-0.19 0.000937 0.001874 0.00281 0.003747 0.004684 0.005621 0.006558 0.007495 0.008432
-0.2 0.000985 0.001969 0.002954 0.003939 0.004924 0.005909 0.006894 0.007878 0.008863

-0.21 0.001032 0.002065 0.003097 0.00413 0.005163 0.006195 0.007228 0.00826 0.009293
-0.22 0.00108 0.00216 0.00324 0.00432 0.0054 0.006481 0.007561 0.007561 0.009721
-0.23 0.001127 0.002255 0.003382 0.00451 0.005637 0.006765 0.007892 0.00902 0.010148
-0.24 0.001174 0.002349 0.003524 0.004698 0.005873 0.007048 0.008223 0.009398 0.010573
-0.25 0.001221 0.002443 0.003664 0.004886 0.006108 0.00733 0.008552 0.009774 0.010996
-0.26 0.001268 0.002536 0.003805 0.005073 0.006342 0.00761 0.008879 0.010148 0.011417
-0.27 0.001315 0.002629 0.003944 0.005259 0.006575 0.00789 0.009205 0.010521 0.011836
-0.28 0.001361 0.002722 0.004083 0.005445 0.006806 0.008168 0.00953 0.010892 0.012254
-0.29 0.001407 0.002814 0.004222 0.005629 0.007037 0.008445 0.009853 0.011261 0.01267
-0.3 0.001453 0.002906 0.00436 0.005813 0.007267 0.008721 0.010175 0.011629 0.013084

-0.31 0.001499 0.002998 0.004497 0.005996 0.007496 0.008995 0.010495 0.011995 0.013496
-0.32 0.001544 0.003089 0.004633 0.006178 0.007723 0.009269 0.010814 0.01236 0.013906
-0.33 0.001589 0.003179 0.004769 0.006359 0.00795 0.009541 0.011132 0.012723 0.014315
-0.34 0.001635 0.003269 0.004904 0.00654 0.008176 0.009812 0.011448 0.013085 0.014722
-0.35 0.001679 0.003359 0.005039 0.006719 0.0084 0.010081 0.011763 0.013444 0.015127
-0.36 0.001724 0.003448 0.005173 0.006898 0.008624 0.01035 0.012076 0.013803 0.01553
-0.37 0.001768 0.003537 0.005307 0.007076 0.008846 0.010617 0.012388 0.01416 0.015932
-0.38 0.001813 0.003626 0.005439 0.007253 0.009068 0.010883 0.012699 0.014515 0.016331
-0.39 0.001857 0.003714 0.005572 0.00743 0.009289 0.011148 0.013008 0.014868 0.01673
-0.4 0.001901 0.003802 0.005703 0.007605 0.009727 0.011412 0.013316 0.015221 0.017126
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Table B.32: Normalized Power p̂ vs Normalized initial resonant current Î0 in presence
of normalized output voltage v̂.

v̂
0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09

Îo p̂
-0.41 0.001944 0.003889 0.005834 0.00778 0.009727 0.011674 0.013622 0.015571 0.017521
-0.42 0.001988 0.003976 0.005965 0.007954 0.009945 0.011936 0.013928 0.01592 0.017914
-0.43 0.002031 0.004062 0.006095 0.008128 0.010162 0.012196 0.014232 0.016268 0.018305
-0.44 0.002074 0.004149 0.006224 0.0083 0.010377 0.012455 0.014534 0.016614 0.018695
-0.45 0.002117 0.004234 0.006353 0.008472 0.010592 0.012714 0.014836 0.016959 0.019084
-0.46 0.002159 0.00432 0.006481 0.008643 0.010806 0.012971 0.015136 0.017303 0.019471
-0.47 0.002202 0.004405 0.006609 0.008814 0.01102 0.013227 0.015435 0.017645 0.019856
-0.48 0.002244 0.004489 0.006736 0.008983 0.011232 0.013482 0.015733 0.017986 0.02024
-0.49 0.002286 0.004574 0.006862 0.009152 0.011443 0.013736 0.01603 0.018325 0.020622
-0.5 0.002328 0.004658 0.006988 0.00932 0.011654 0.013989 0.016325 0.018663 0.021003

-0.51 0.00237 0.004741 0.007114 0.009488 0.011864 0.014241 0.01662 0.019 0.021382
-0.52 0.002412 0.004824 0.007239 0.009655 0.012073 0.014492 0.016913 0.019336 0.021761
-0.53 0.002453 0.004907 0.007363 0.009821 0.012281 0.014742 0.017205 0.01967 0.022137
-0.54 0.002494 0.00499 0.007488 0.009987 0.012488 0.014991 0.017496 0.020003 0.022513
-0.55 0.002535 0.005072 0.007611 0.010152 0.012695 0.015239 0.017786 0.020335 0.022887
-0.56 0.002576 0.005154 0.007734 0.010316 0.0129 0.015487 0.018075 0.020666 0.02326
-0.57 0.002617 0.005236 0.007857 0.01048 0.013105 0.015733 0.018363 0.020996 0.023631
-0.58 0.002658 0.005317 0.007979 0.010643 0.01331 0.015979 0.01865 0.021324 0.024001
-0.59 0.002698 0.005398 0.008101 0.010806 0.013513 0.016223 0.018936 0.021652 0.024371
-0.6 0.002738 0.005479 0.008222 0.010968 0.013716 0.016467 0.019221 0.021978 0.024738

-0.61 0.002778 0.005559 0.008343 0.011129 0.013918 0.01671 0.019505 0.022304 0.025105
-0.62 0.002818 0.005639 0.008463 0.01129 0.01412 0.016953 0.019789 0.022628 0.025471
-0.63 0.002858 0.005719 0.008583 0.01145 0.014321 0.017194 0.020071 0.022951 0.025835
-0.64 0.002898 0.005799 0.008703 0.01161 0.014521 0.017435 0.020352 0.023274 0.026199
-0.65 0.002938 0.005878 0.008822 0.01177 0.01472 0.017675 0.020633 0.023595 0.026561
-0.66 0.002977 0.005957 0.008941 0.011928 0.014919 0.017914 0.020913 0.023915 0.026923
-0.67 0.003016 0.006036 0.00906 0.012087 0.015118 0.018152 0.021192 0.024235 0.027283
-0.68 0.003056 0.006115 0.009178 0.012244 0.015315 0.01839 0.02147 0.024554 0.027642
-0.69 0.003095 0.006193 0.009295 0.012402 0.015512 0.018627 0.021747 0.024871 0.028001
-0.7 0.003134 0.006271 0.009413 0.012559 0.015709 0.018864 0.022023 0.025188 0.028358

-0.71 0.003172 0.006349 0.00953 0.012715 0.015905 0.0191 0.022299 0.025504 0.028715
-0.72 0.003211 0.006426 0.009646 0.012871 0.0161 0.019335 0.022574 0.025819 0.02907
-0.73 0.00325 0.006504 0.009763 0.013026 0.016295 0.019569 0.022849 0.026134 0.029425
-0.74 0.003288 0.006581 0.009878 0.013181 0.016489 0.019803 0.023122 0.026447 0.029779
-0.75 0.003326 0.006658 0.009994 0.013336 0.016683 0.020036 0.023395 0.02676 0.030132
-0.76 0.003365 0.006734 0.010109 0.01349 0.016876 0.020269 0.023667 0.027072 0.030484
-0.77 0.003403 0.006811 0.010224 0.013644 0.017069 0.020501 0.023939 0.027384 0.030835
-0.78 0.003441 0.006887 0.010339 0.013797 0.017262 0.020732 0.02421 0.027694 0.031186
-0.79 0.003479 0.006963 0.010454 0.01395 0.017453 0.020963 0.02448 0.028004 0.031536
-0.8 0.003516 0.007039 0.010568 0.014103 0.017645 0.021194 0.02475 0.028313 0.031885
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Table B.33: Normalized Power p̂ vs Normalized initial resonant current Î0 in presence
of normalized output voltage v̂.

v̂
0.11 0.12 0.13 0.14 0.15 0.16 0.17 0.18 0.19

Îo p̂
-0.01 0.00055 0.0006 0.00065 0.0007 0.00075 0.0008 0.00085 0.0009 0.00095
-0.02 0.0011 0.0012 0.0013 0.0014 0.0015 0.0016 0.0017 0.0018 0.0019
-0.03 0.001649 0.001799 0.001949 0.002099 0.002249 0.002399 0.002549 0.002699 0.002849
-0.04 0.002199 0.002398 0.002598 0.002798 0.002998 0.003198 0.003398 0.003598 0.003797
-0.05 0.002747 0.002997 0.003247 0.003496 0.003746 0.003996 0.004246 0.004495 0.004745
-0.06 0.003295 0.003579 0.003894 0.004194 0.004493 0.004793 0.005092 0.005392 0.006637
-0.07 0.003842 0.004176 0.004541 0.00489 0.005239 0.005589 0.005938 0.006287 0.006637
-0.08 0.004388 0.004787 0.005186 0.005585 0.005984 0.006383 0.006782 0.007181 0.00758
-0.09 0.004934 0.005382 0.005831 0.006279 0.006728 0.007176 0.007625 0.008073 0.008522
-0.1 0.005478 0.005976 0.006474 0.006972 0.007469 0.007967 0.008465 0.008963 0.009461

-0.11 0.00602 0.006568 0.007115 0.007662 0.00821 0.008757 0.009304 0.009852 0.010399
-0.12 0.006562 0.007158 0.007755 0.008351 0.008948 0.009544 0.010141 0.010737 0.011334
-0.13 0.007102 0.007747 0.008393 0.009039 0.009684 0.01033 0.010975 0.011621 0.012267
-0.14 0.00764 0.008335 0.009029 0.009724 0.010418 0.011113 0.011807 0.012502 0.013197
-0.15 0.008177 0.00892 0.009663 0.010407 0.01115 0.011894 0.012637 0.01338 0.01597
-0.16 0.008712 0.010085 0.010296 0.011088 0.01188 0.012672 0.013464 0.014256 0.01597
-0.17 0.009245 0.010085 0.010926 0.011767 0.012607 0.013448 0.014288 0.015129 0.01597
-0.18 0.009776 0.010665 0.011554 0.012443 0.013332 0.014221 0.01511 0.015999 0.016888
-0.19 0.010306 0.011243 0.01218 0.013117 0.014054 0.014991 0.015928 0.016865 0.017803
-0.2 0.010833 0.011818 0.012803 0.013788 0.014774 0.015759 0.016744 0.017729 0.018714

-0.21 0.011359 0.012392 0.013424 0.014457 0.01549 0.016523 0.017556 0.01859 0.019623
-0.22 0.011882 0.012963 0.014043 0.015124 0.016204 0.017285 0.018366 0.019447 0.020528
-0.23 0.012404 0.013532 0.01466 0.015788 0.016916 0.018044 0.019172 0.020301 0.021429
-0.24 0.012923 0.014098 0.015273 0.016449 0.017624 0.0188 0.019976 0.021151 0.022327
-0.25 0.01344 0.014662 0.015885 0.017107 0.01833 0.019553 0.020776 0.021999 0.023222
-0.26 0.013955 0.015224 0.016494 0.017763 0.019033 0.020303 0.021573 0.022843 0.024113
-0.27 0.014468 0.015784 0.0171 0.018416 0.019733 0.021049 0.022366 0.023683 0.025001
-0.28 0.014978 0.016341 0.017704 0.019067 0.02043 0.021793 0.023157 0.024521 0.025885
-0.29 0.015487 0.016896 0.018305 0.019714 0.021124 0.022534 0.023944 0.025354 0.026765
-0.3 0.015993 0.017448 0.018904 0.020359 0.021815 0.023272 0.024728 0.026185 0.027642

-0.31 0.016497 0.017998 0.0195 0.021002 0.022504 0.024006 0.025509 0.027012 0.028516
-0.32 0.016999 0.018546 0.020094 0.021641 0.023189 0.024738 0.026287 0.027836 0.029386
-0.33 0.017499 0.019092 0.020685 0.022278 0.023872 0.025467 0.027061 0.028657 0.030253
-0.34 0.017997 0.019635 0.021274 0.022913 0.024552 0.026192 0.027833 0.029474 0.031116
-0.35 0.018492 0.020176 0.02186 0.023544 0.02523 0.026915 0.028601 0.030288 0.031976
-0.36 0.018986 0.020715 0.022444 0.024174 0.025904 0.027635 0.029367 0.031099 0.032833
-0.37 0.019477 0.021251 0.023025 0.0248 0.026576 0.028352 0.030129 0.031907 0.033686
-0.38 0.019967 0.021785 0.023604 0.025424 0.027245 0.029066 0.030889 0.032712 0.034536
-0.39 0.020454 0.022317 0.024181 0.026046 0.027911 0.029778 0.031645 0.033514 0.035383
-0.4 0.020939 0.022847 0.024755 0.026665 0.028575 0.030487 0.032399 0.034312 0.036227
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Table B.34: Normalized Power p̂ vs Normalized initial resonant current Î0 in presence
of normalized output voltage v̂.

v̂
0.11 0.12 0.13 0.14 0.15 0.16 0.17 0.18 0.19

Îo p̂
-0.41 0.021422 0.023374 0.025327 0.027281 0.029236 0.031193 0.03315 0.035108 0.037068
-0.42 0.021904 0.0239 0.025897 0.027896 0.029895 0.031896 0.033898 0.035901 0.037906
-0.43 0.022383 0.024423 0.026465 0.028508 0.030552 0.032597 0.034643 0.036691 0.038741
-0.44 0.022861 0.024945 0.02703 0.029117 0.031205 0.033295 0.035386 0.037479 0.039573
-0.45 0.023336 0.025464 0.027594 0.029725 0.031857 0.033991 0.036126 0.038263 0.040402
-0.46 0.02381 0.025982 0.028155 0.03033 0.032506 0.034684 0.036864 0.039045 0.041229
-0.47 0.024282 0.026497 0.028714 0.030933 0.033153 0.035375 0.037599 0.039825 0.042053
-0.48 0.024752 0.027011 0.029271 0.031533 0.033797 0.036063 0.038331 0.040602 0.042874
-0.49 0.025221 0.027523 0.029826 0.032132 0.03444 0.03675 0.039062 0.041376 0.043693
-0.5 0.025688 0.028033 0.03038 0.032729 0.03508 0.037433 0.039789 0.042148 0.044509

-0.51 0.026153 0.028541 0.030931 0.033323 0.035718 0.038115 0.040515 0.042917 0.045323
-0.52 0.026616 0.029047 0.03148 0.033916 0.036354 0.038795 0.041238 0.043685 0.046134
-0.53 0.027078 0.029552 0.032028 0.034507 0.036988 0.039472 0.041959 0.04445 0.046943
-0.54 0.027538 0.030055 0.032574 0.035095 0.03762 0.040148 0.042678 0.045973 0.04775
-0.55 0.027997 0.030556 0.033118 0.035682 0.03825 0.040821 0.043395 0.045973 0.048554
-0.56 0.028454 0.031056 0.03366 0.036268 0.038878 0.041492 0.04411 0.046731 0.049357
-0.57 0.02891 0.031554 0.034201 0.036851 0.039505 0.042162 0.044823 0.047488 0.050157
-0.58 0.029364 0.03205 0.03474 0.037433 0.040129 0.04283 0.045534 0.048243 0.050956
-0.59 0.029817 0.032545 0.035277 0.038013 0.040752 0.043495 0.046243 0.048995 0.051752
-0.6 0.030269 0.033039 0.035813 0.038591 0.041373 0.044159 0.04695 0.049746 0.052546

-0.61 0.030719 0.033531 0.036347 0.039168 0.041993 0.044822 0.047656 0.050495 0.053339
-0.62 0.031168 0.034022 0.03688 0.039743 0.04261 0.045482 0.04836 0.051242 0.05413
-0.63 0.031615 0.034511 0.037412 0.040317 0.043227 0.046141 0.049062 0.051987 0.054919
-0.64 0.032061 0.034999 0.037942 0.04146 0.043841 0.046799 0.049762 0.052731 0.055706
-0.65 0.032507 0.035486 0.03847 0.04146 0.044454 0.047455 0.050461 0.053473 0.056492
-0.66 0.03295 0.035971 0.038998 0.042029 0.045066 0.048109 0.051158 0.054214 0.057276
-0.67 0.033393 0.036456 0.039524 0.042597 0.045677 0.048762 0.051854 0.054953 0.058059
-0.68 0.033835 0.036939 0.040048 0.043164 0.046285 0.049414 0.052548 0.05569 0.05884
-0.69 0.034275 0.03742 0.040572 0.043729 0.046893 0.050064 0.053241 0.056427 0.059619
-0.7 0.034714 0.037901 0.041094 0.044293 0.047499 0.050713 0.053933 0.057161 0.060398

-0.71 0.035152 0.03838 0.041615 0.044856 0.048104 0.05136 0.054623 0.057895 0.061175
-0.72 0.03559 0.038859 0.042135 0.045418 0.048708 0.052006 0.055312 0.058627 0.06195
-0.73 0.036026 0.039336 0.042654 0.045978 0.049311 0.052651 0.056 0.059358 0.062725
-0.74 0.036461 0.039812 0.043171 0.046538 0.049912 0.053295 0.056687 0.060087 0.063498
-0.75 0.036895 0.040288 0.043688 0.047096 0.050512 0.053938 0.057372 0.060816 0.06427
-0.76 0.037328 0.040762 0.044203 0.047653 0.051112 0.054579 0.058056 0.061543 0.065041
-0.77 0.037761 0.041235 0.044718 0.048209 0.05171 0.05522 0.058739 0.06227 0.065811
-0.78 0.038192 0.041708 0.045232 0.048765 0.052307 0.055859 0.059422 0.062995 0.06658
-0.79 0.038623 0.042179 0.045744 0.049319 0.052903 0.056497 0.060103 0.063719 0.067347
-0.8 0.039053 0.04265 0.046256 0.049872 0.053498 0.057135 0.060783 0.064442 0.068114
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Table B.35: Normalized Power p̂ vs Normalized initial resonant current Î0 in presence
of normalized output voltage v̂.

v̂
0.1 0.2 0.21 0.22 0.23 0.24 0.25 0.26 0.27

Îo p̂
-0.01 0.0005 0.001 0.00105 0.0011 0.00115 0.0012 0.00125 0.0013 0.00135
-0.02 0.001 0.002 0.0021 0.0022 0.0023 0.0024 0.0025 0.0026 0.0027
-0.03 0.001499 0.002999 0.003149 0.003299 0.003449 0.003599 0.003749 0.003899 0.004048
-0.04 0.001999 0.003997 0.004197 0.004397 0.004597 0.004797 0.004997 0.005197 0.005396
-0.05 0.002497 0.004995 0.005245 0.005494 0.005744 0.005994 0.006243 0.006493 0.006743
-0.06 0.002996 0.005991 0.006291 0.00659 0.00689 0.007189 0.007489 0.007788 0.008088
-0.07 0.003493 0.006986 0.007335 0.007684 0.008034 0.008383 0.008732 0.009082 0.009431
-0.08 0.003989 0.007979 0.008378 0.008777 0.009176 0.009575 0.009974 0.010373 0.010772
-0.09 0.004485 0.00897 0.009419 0.009867 0.010316 0.010764 0.011213 0.011661 0.01211
-0.1 0.00498 0.009959 0.010457 0.010955 0.011453 0.011951 0.012449 0.012947 0.013445

-0.11 0.005473 0.010946 0.011493 0.012041 0.012588 0.013135 0.013683 0.01423 0.014777
-0.12 0.005965 0.011931 0.012527 0.013124 0.01372 0.014317 0.014913 0.01551 0.016106
-0.13 0.006456 0.012912 0.013558 0.014204 0.014849 0.015495 0.016141 0.016786 0.017432
-0.14 0.006945 0.013891 0.014586 0.01528 0.015975 0.01667 0.017364 0.018059 0.018754
-0.15 0.007433 0.014867 0.015611 0.016354 0.017098 0.017841 0.018585 0.019328 0.020072
-0.16 0.00792 0.01584 0.016632 0.017425 0.018217 0.019009 0.019801 0.020594 0.021386
-0.17 0.008404 0.01681 0.017651 0.018492 0.019332 0.020173 0.021014 0.021855 0.022696
-0.18 0.008887 0.017777 0.018666 0.019555 0.020444 0.021333 0.022223 0.023112 0.024001
-0.19 0.009369 0.01874 0.019677 0.020615 0.021552 0.02249 0.023427 0.024365 0.025303
-0.2 0.009848 0.0197 0.020685 0.021671 0.022656 0.023642 0.024628 0.025614 0.0266

-0.21 0.010326 0.020656 0.021689 0.022723 0.023756 0.02479 0.025824 0.026858 0.027892
-0.22 0.010802 0.021609 0.02269 0.023771 0.024853 0.025934 0.027016 0.028098 0.02918
-0.23 0.011276 0.022558 0.023687 0.024816 0.025945 0.027074 0.028203 0.029333 0.030463
-0.24 0.011748 0.023504 0.02468 0.025856 0.027033 0.02821 0.029387 0.030564 0.031741
-0.25 0.012218 0.024445 0.025669 0.026893 0.028117 0.029341 0.030566 0.03179 0.033015
-0.26 0.012686 0.025384 0.025669 0.027925 0.029197 0.030468 0.03174 0.033012 0.034285
-0.27 0.013152 0.026318 0.027636 0.028954 0.030272 0.031591 0.03291 0.03423 0.03555
-0.28 0.013616 0.027249 0.028614 0.029979 0.031344 0.03271 0.034076 0.035443 0.03681
-0.29 0.014078 0.028176 0.029588 0.031 0.032412 0.033824 0.035238 0.036651 0.038066
-0.3 0.014538 0.0291 0.030558 0.032016 0.033475 0.034935 0.036395 0.037855 0.039317

-0.31 0.014996 0.03002 0.031524 0.033029 0.034535 0.036041 0.037548 0.039055 0.040564
-0.32 0.015453 0.030936 0.032487 0.034038 0.035591 0.037143 0.038697 0.040251 0.041806
-0.33 0.015907 0.031849 0.033446 0.035044 0.036642 0.038241 0.039841 0.041442 0.043044
-0.34 0.016359 0.032758 0.034401 0.036045 0.03769 0.039336 0.040982 0.042629 0.044278
-0.35 0.016809 0.033664 0.035353 0.037043 0.038734 0.040426 0.042119 0.043813 0.045508
-0.36 0.017258 0.034567 0.036302 0.038037 0.039774 0.041512 0.043251 0.044992 0.046733
-0.37 0.017704 0.035466 0.037246 0.039028 0.040811 0.042595 0.04438 0.046167 0.047955
-0.38 0.018149 0.036361 0.038188 0.040015 0.041844 0.043674 0.045505 0.047338 0.049173
-0.39 0.018591 0.037254 0.039126 0.040999 0.042873 0.044749 0.046627 0.048506 0.050387
-0.4 0.019032 0.038143 0.04006 0.041979 0.043899 0.045821 0.047744 0.04967 0.051597
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Table B.36: Normalized Power p̂ vs Normalized initial resonant current Î0 in presence
of normalized output voltage v̂.

v̂
0.1 0.2 0.21 0.22 0.23 0.24 0.25 0.26 0.27

Îo p̂
-0.41 0.019471 0.039029 0.040992 0.042956 0.044922 0.046889 0.048859 0.05083 0.052803
-0.42 0.019908 0.039912 0.04192 0.04393 0.045941 0.047954 0.049969 0.051987 0.054006
-0.43 0.020344 0.040792 0.042845 0.0449 0.046957 0.049016 0.051077 0.05314 0.055206
-0.44 0.020777 0.041669 0.043767 0.045867 0.047969 0.050074 0.052181 0.05429 0.056402
-0.45 0.021209 0.042543 0.044686 0.046832 0.048979 0.051129 0.053282 0.055437 0.057595
-0.46 0.02164 0.043415 0.045603 0.047793 0.049986 0.052181 0.054379 0.056581 0.058785
-0.47 0.022068 0.044283 0.046516 0.048751 0.050989 0.05323 0.055474 0.057721 0.059972
-0.48 0.022495 0.045149 0.047427 0.049707 0.05199 0.054276 0.056566 0.058859 0.061156
-0.49 0.022921 0.046012 0.048335 0.05066 0.052988 0.05532 0.057655 0.059994 0.062337
-0.5 0.023344 0.046873 0.04924 0.05161 0.053983 0.05636 0.058741 0.061126 0.063515

-0.51 0.023767 0.047731 0.050143 0.052558 0.054976 0.057398 0.059825 0.062255 0.064691
-0.52 0.024187 0.048587 0.051043 0.053503 0.055966 0.058434 0.060906 0.063382 0.065864
-0.53 0.024607 0.04944 0.051941 0.054445 0.056954 0.059467 0.061984 0.064507 0.067034
-0.54 0.025024 0.050291 0.052836 0.055385 0.057939 0.060497 0.06306 0.065628 0.068202
-0.55 0.025441 0.05114 0.053729 0.056323 0.058922 0.061525 0.064134 0.066748 0.069368
-0.56 0.025856 0.051986 0.05462 0.057259 0.059902 0.062551 0.065205 0.067865 0.070532
-0.57 0.026269 0.052831 0.055509 0.058192 0.060881 0.063575 0.066275 0.068981 0.071693
-0.58 0.026681 0.053673 0.056396 0.059124 0.061857 0.064597 0.067342 0.070094 0.072853
-0.59 0.027092 0.054514 0.057281 0.060053 0.062832 0.065616 0.068407 0.071205 0.07401
-0.6 0.027502 0.055352 0.058163 0.060981 0.063804 0.066634 0.06947 0.072314 0.075166

-0.61 0.02791 0.056189 0.059044 0.061906 0.064774 0.067649 0.070532 0.073422 0.07632
-0.62 0.028317 0.057024 0.059923 0.06283 0.065743 0.068663 0.071591 0.074528 0.077472
-0.63 0.028723 0.057857 0.060801 0.063752 0.06671 0.069676 0.072649 0.075632 0.078623
-0.64 0.029128 0.058688 0.061676 0.064672 0.067675 0.070686 0.073706 0.076734 0.079772
-0.65 0.029532 0.059517 0.06255 0.06559 0.068638 0.071695 0.07476 0.077835 0.08092
-0.66 0.029934 0.060345 0.063422 0.066507 0.0696 0.072702 0.075814 0.078935 0.082066
-0.67 0.030336 0.061172 0.064293 0.067423 0.070561 0.073708 0.076866 0.080033 0.083212
-0.68 0.030736 0.061997 0.065162 0.068337 0.07152 0.074713 0.077916 0.08113 0.084355
-0.69 0.031135 0.062821 0.06603 0.069249 0.072478 0.075716 0.078965 0.082226 0.085498
-0.7 0.031533 0.063643 0.066897 0.07016 0.073434 0.076718 0.080013 0.08332 0.08664

-0.71 0.031931 0.064464 0.067762 0.07107 0.074389 0.077719 0.08106 0.084414 0.087781
-0.72 0.032327 0.065283 0.068626 0.071979 0.075343 0.078718 0.082106 0.085506 0.088921
-0.73 0.032722 0.066102 0.069489 0.072886 0.076296 0.079717 0.083151 P073’!B28 0.090059
-0.74 0.033116 0.066919 0.07035 0.073793 0.077247 0.080714 0.084194 0.087689 0.091198
-0.75 0.03351 0.067735 0.07121 0.074698 0.078198 0.081711 0.085237 0.088779 0.092335
-0.76 0.033903 0.068549 0.07207 0.075602 0.079147 0.082706 0.086279 0.089868 0.093472
-0.77 0.034294 0.069363 0.072928 0.076505 0.080096 0.083701 0.087321 0.090956 0.094608
-0.78 0.034685 0.070176 0.073785 0.077408 0.081044 0.084695 0.088361 0.092044 0.095744
-0.79 0.035075 0.070988 0.074642 0.078309 0.081991 0.085688 0.089401 0.093131 0.096879
-0.8 0.035464 0.071799 0.075497 0.07921 0.082937 0.08668 0.09044 0.094218 0.098014
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Table B.37: Normalized Power p̂ vs Normalized initial resonant current Î0 in presence
of normalized output voltage v̂.

v̂
0.28 0.29 0.3 0.31 0.32 0.33 0.34 0.35 0.36

Îo p̂
-0.01 0.0014 0.00145 0.0015 0.00155 0.0016 0.00165 0.0017 0.00175 0.0018
-0.02 0.0028 0.0029 0.002999 0.003099 0.003199 0.003299 0.003399 0.003499 0.003599
-0.03 0.004198 0.004348 0.004498 0.004648 0.004798 0.004948 0.005098 0.005248 0.005398
-0.04 0.005596 0.005796 0.005996 0.006196 0.006396 0.006596 0.006795 0.006995 0.007195
-0.05 0.006993 0.007242 0.007492 0.007742 0.007992 0.008241 0.008491 0.008741 0.008991
-0.06 0.008387 0.008687 0.008987 0.009286 0.009586 0.009885 0.010185 0.010484 0.010784
-0.07 0.00978 0.010129 0.010479 0.010828 0.011177 0.011527 0.011876 0.012225 0.012575
-0.08 0.01117 0.011569 0.011968 0.012367 0.012766 0.013165 0.013564 0.013963 0.014362
-0.09 0.012558 0.013007 0.013455 0.013904 0.014352 0.014801 0.015249 0.015698 0.016147
-0.1 0.013943 0.014441 0.014939 0.015437 0.015935 0.016433 0.016931 0.017429 0.017927

-0.11 0.015325 0.015872 0.016419 0.016967 0.017514 0.018062 0.018609 0.019157 0.019704
-0.12 0.016703 0.0173 0.017896 0.018493 0.01909 0.019686 0.020283 0.02088 0.021477
-0.13 0.018078 0.018723 0.019369 0.020015 0.020661 0.021307 0.021953 0.022599 0.023245
-0.14 0.019449 0.020143 0.020838 0.021533 0.022228 0.022923 0.023618 0.024313 0.025008
-0.15 0.020815 0.021559 0.022303 0.023047 0.02379 0.024534 0.025278 0.026022 0.026766
-0.16 0.022178 0.022971 0.023763 0.024556 0.025348 0.026141 0.026934 0.027727 0.02852
-0.17 0.023537 0.024378 0.025219 0.02606 0.026902 0.027743 0.028585 0.029426 0.030268
-0.18 0.024891 0.025781 0.02667 0.02756 0.02845 0.02934 0.03023 0.031121 0.032011
-0.19 0.026241 0.027179 0.028117 0.029055 0.029993 0.030932 0.031871 0.03281 0.033749
-0.2 0.027586 0.028572 0.029558 0.030545 0.031532 0.032519 0.033506 0.034493 0.035481

-0.21 0.028926 0.02996 0.030995 0.03203 0.033065 0.0341 0.035136 0.036172 0.037208
-0.22 0.030262 0.031344 0.032427 0.03351 0.034593 0.035676 0.03676 0.037845 0.038929
-0.23 0.031593 0.032723 0.033854 0.034985 0.036116 0.037248 0.03838 0.039512 0.040645
-0.24 0.032919 0.034097 0.035276 0.036455 0.037634 0.038813 0.039994 0.041174 0.042355
-0.25 0.034241 0.035467 0.036693 0.037919 0.039147 0.040374 0.041602 0.042831 0.044061
-0.26 0.035558 0.036831 0.038105 0.039379 0.040654 0.04193 0.043206 0.044483 0.04576
-0.27 0.03687 0.038191 0.039512 0.040834 0.042157 0.04348 0.044804 0.046129 0.047455
-0.28 0.038177 0.039546 0.040915 0.042284 0.043654 0.045025 0.046397 0.04777 0.049144
-0.29 0.03948 0.040896 0.042312 0.043729 0.045147 0.046566 0.047986 0.049406 0.050828
-0.3 0.040779 0.042241 0.043705 0.045169 0.046635 0.048101 0.049569 0.051038 0.052508

-0.31 0.042073 0.043582 0.045093 0.046605 0.048118 0.049632 0.051147 0.052664 0.054182
-0.32 0.043362 0.044919 0.046477 0.048036 0.049596 0.051158 0.052721 0.054286 0.055852
-0.33 0.044647 0.046251 0.047856 0.049462 0.05107 0.052679 0.05429 0.055903 0.057517
-0.34 0.045928 0.047578 0.049231 0.050884 0.052539 0.054196 0.055855 0.057515 0.059178
-0.35 0.047204 0.048902 0.050601 0.052302 0.054004 0.055709 0.057415 0.059123 0.060834
-0.36 0.048476 0.050221 0.051967 0.053715 0.055465 0.057217 0.058971 0.060727 0.062486
-0.37 0.049745 0.051536 0.053329 0.055124 0.056921 0.058721 0.060523 0.062327 0.064134
-0.38 0.051009 0.052847 0.054687 0.056529 0.058374 0.060221 0.062071 0.063923 0.065779
-0.39 0.052269 0.054154 0.056041 0.057931 0.059822 0.061717 0.063615 0.065515 0.067419
-0.4 0.053526 0.055458 0.057392 0.059328 0.061267 0.063209 0.065155 0.067104 0.069056

230



Chapter B – Tables of Series Resonant Converter Data

Table B.38: Normalized Power p̂ vs Normalized initial resonant current Î0 in presence
of normalized output voltage v̂.

v̂
0.28 0.29 0.3 0.31 0.32 0.33 0.34 0.35 0.36

Îo p̂
-0.41 0.054779 0.056757 0.058738 0.060722 0.062708 0.064698 0.066691 0.068689 0.07069
-0.42 0.056029 0.058053 0.060081 0.062112 0.064146 0.066183 0.068225 0.07027 0.07232
-0.43 0.057275 0.059346 0.061421 0.063499 0.06558 0.067665 0.069755 0.071848 0.073947
-0.44 0.058517 0.060635 0.062757 0.064882 0.067011 0.069144 0.071281 0.073424 0.075571
-0.45 0.059757 0.061922 0.06409 0.066262 0.068439 0.07062 0.072805 0.074996 0.077192
-0.46 0.060993 0.063204 0.06542 0.067639 0.069863 0.072092 0.074326 0.076565 0.07881
-0.47 0.062226 0.064484 0.066747 0.069014 0.071285 0.073562 0.075844 0.078132 0.080426
-0.48 0.063456 0.065761 0.068071 0.070385 0.072704 0.075029 0.07736 0.079696 0.08204
-0.49 0.064684 0.067035 0.069392 0.071753 0.07412 0.076493 0.078873 0.081258 0.083651
-0.5 0.065909 0.068307 0.07071 0.073119 0.075534 0.077955 0.080383 0.082818 0.085261

-0.51 0.067131 0.069576 0.072026 0.074483 0.076946 0.079415 0.081892 0.084376 0.086868
-0.52 0.06835 0.070842 0.07334 0.075844 0.078355 0.080873 0.083398 0.085931 0.088474
-0.53 0.069567 0.072106 0.074651 0.077203 0.079762 0.082328 0.084902 0.087485 0.090078
-0.54 0.070782 0.073368 0.07596 0.078559 0.081166 0.083781 0.086405 0.089038 0.09168
-0.55 0.071994 0.074627 0.077267 0.079914 0.082569 0.085233 0.087906 0.090588 0.093281
-0.56 0.073205 0.075884 0.078572 0.081267 0.08397 0.086683 0.089405 0.092137 0.094881
-0.57 0.074413 0.07714 0.079874 0.082618 0.08537 0.088131 0.090903 0.093685 0.09648
-0.58 0.075619 0.078393 0.081175 0.083967 0.086767 0.089578 0.092399 0.095232 0.098077
-0.59 0.076823 0.079645 0.082475 0.085314 0.088164 0.091024 0.093895 0.096778 0.099674
-0.6 0.078026 0.080895 0.083773 0.08666 0.089558 0.092468 0.095389 0.098323 0.10127

-0.61 0.079227 0.082143 0.085069 0.088005 0.090952 0.093911 0.096882 0.099867 0.102866
-0.62 0.080426 0.08339 0.086363 0.089348 0.092344 0.095353 0.098375 0.10141 0.104461
-0.63 0.081624 0.084635 0.087657 0.09069 0.093736 0.096794 0.099866 0.102953 0.106056
-0.64 0.08282 0.085879 0.088949 0.092031 0.095126 0.098234 0.101357 0.104496 0.107651
-0.65 0.084015 0.087122 0.09024 0.093371 0.096515 0.099674 0.102848 0.106038 0.109245
-0.66 0.085209 0.088363 0.09153 0.09471 0.097904 0.101113 0.104338 0.10758 0.11084
-0.67 0.086402 0.089604 0.092819 0.096048 0.099292 0.102552 0.105828 0.109122 0.112435
-0.68 0.087593 0.090843 0.094107 0.097386 0.10068 0.10399 0.107317 0.110664 0.11403
-0.69 0.088783 0.092082 0.095395 0.098723 0.102067 0.105428 0.108807 0.112206 0.115625
-0.7 0.089973 0.09332 0.096681 0.100059 0.103453 0.106865 0.110296 0.113748 0.117221

-0.71 0.091161 0.094557 0.097967 0.101395 0.104839 0.108303 0.111786 0.115291 0.118818
-0.72 0.092349 0.095793 0.099253 0.10273 0.106225 0.10974 0.113276 0.116834 0.120415
-0.73 0.093536 0.097028 0.100538 0.104065 0.107611 0.111178 0.114766 0.118377 0.122013
-0.74 0.094722 0.098264 0.101822 0.1054 0.108997 0.112616 0.116257 0.119922 0.123612
-0.75 0.095908 0.099498 0.103107 0.106735 0.110383 0.114054 0.117748 0.121467 0.125212
-0.76 0.097093 0.100732 0.104391 0.108069 0.111769 0.115492 0.119239 0.123013 0.126814
-0.77 0.098278 0.101966 0.105675 0.109404 0.113156 0.116931 0.120732 0.124559 0.128416
-0.78 0.099462 0.1032 0.106959 0.110739 0.114542 0.11837 0.122225 0.126107 0.13002
-0.79 0.100646 0.104434 0.108242 0.112074 0.115929 0.11981 0.123719 0.127657 0.131625
-0.8 0.10183 0.105667 0.109526 0.113409 0.117317 0.121251 0.125214 0.129207 0.133232

231



Chapter B – Tables of Series Resonant Converter Data

Table B.39: Normalized Power p̂ vs Normalized initial resonant current Î0 in presence
of normalized output voltage v̂.

v̂
0.37 0.38 0.39 0.4 0.41 0.42 0.43 0.44 0.45

Îo p̂
-0.01 0.00185 0.0019 0.00195 0.002 0.00205 0.0021 0.00215 0.0022 0.00225
-0.02 0.003699 0.003799 0.003899 0.003999 0.004099 0.004199 0.004299 0.004399 0.004499
-0.03 0.005548 0.005698 0.005848 0.005998 0.006148 0.006298 0.006448 0.006598 0.006747
-0.04 0.007395 0.007595 0.007795 0.007995 0.008195 0.008394 0.008594 0.008794 0.008994
-0.05 0.00924 0.00949 0.00974 0.00999 0.010239 0.010489 0.010739 0.010989 0.011238
-0.06 0.011083 0.011383 0.011683 0.011982 0.012282 0.012581 0.012881 0.013181 0.01348
-0.07 0.012924 0.013273 0.013622 0.013972 0.014321 0.014671 0.01502 0.015369 0.015719
-0.08 0.014761 0.01516 0.015559 0.015958 0.016357 0.016756 0.017155 0.017555 0.017954
-0.09 0.016595 0.017044 0.017492 0.017941 0.01839 0.018838 0.019287 0.019736 0.020185
-0.1 0.018425 0.018923 0.019422 0.01992 0.020418 0.020916 0.021415 0.021913 0.022411

-0.11 0.020252 0.020799 0.021347 0.021894 0.022442 0.02299 P011’!B45 0.024086 0.024633
-0.12 0.022073 0.02267 0.023267 0.023864 0.024461 0.025058 0.025656 0.026253 0.026851
-0.13 0.023891 0.024537 0.025183 0.025829 0.026476 0.027122 0.027769 0.028416 0.029063
-0.14 0.025703 0.026398 0.027094 0.027789 0.028485 0.029181 0.029877 0.030573 0.031269
-0.15 0.027511 0.028255 0.028999 0.029744 0.030489 0.031234 0.031979 0.032724 0.03347
-0.16 0.029313 0.030106 0.0309 0.031694 0.032487 0.033282 0.034076 0.034871 0.035666
-0.17 0.03111 0.031952 0.032795 0.033637 0.03448 0.035324 0.036167 0.037011 0.037855
-0.18 0.032902 0.033793 0.034684 0.035576 0.036468 0.03736 0.038253 0.039146 0.040039
-0.19 0.034688 0.035628 0.036568 0.037509 0.038449 0.039391 0.040332 0.041275 0.042218
-0.2 0.036469 0.037458 0.038446 0.039436 0.040425 0.041416 0.042406 0.043398 0.04439

-0.21 0.038244 0.039281 0.040319 0.041357 0.042396 0.043435 0.044475 0.045515 0.046557
-0.22 0.040014 0.0411 0.042186 0.043273 0.04436 0.045448 0.046537 0.047627 0.048718
-0.23 0.041779 0.042913 0.044047 0.045183 0.046319 0.047456 0.048594 0.049734 0.050874
-0.24 0.043537 0.04472 0.045903 0.047087 0.048273 0.049459 0.050646 0.051834 0.053024
-0.25 0.045291 0.046522 0.047754 0.048987 0.050221 0.051456 0.052692 0.05393 0.05517
-0.26 0.047039 0.048318 0.049599 0.05088 0.052163 0.053447 0.054733 0.056021 0.05731
-0.27 0.048782 0.05011 0.051439 0.052769 0.054101 0.055434 0.056769 0.058106 0.059445
-0.28 0.050519 0.051896 0.053273 0.054652 0.056033 0.057416 0.0588 0.060186 0.061575
-0.29 0.052252 0.053677 0.055103 0.056531 0.057961 0.059392 0.060826 0.062262 0.063701
-0.3 0.053979 0.055453 0.056928 0.058404 0.059883 0.061364 0.062848 0.064334 0.065823

-0.31 0.055702 0.057224 0.058747 0.060273 0.061801 0.063332 0.064865 0.066401 0.06794
-0.32 0.05742 0.05899 0.060563 0.062137 0.063715 0.065295 0.066878 0.068464 0.070054
-0.33 0.059134 0.060752 0.062374 0.063997 0.065624 0.067254 0.068887 0.070523 0.072164
-0.34 0.060843 0.06251 0.06418 P030’!B42 0.067529 0.069209 0.070892 0.072579 0.074271
-0.35 0.062548 0.064264 0.065983 0.067705 0.06943 0.07116 0.072893 0.074631 0.076374
-0.36 0.064248 0.066013 0.067781 0.069553 0.071328 0.073107 0.074891 0.07668 0.078474
-0.37 0.065945 0.067758 0.069576 0.071397 0.073222 0.075052 0.076886 0.078726 0.080572
-0.38 0.067638 0.0695 0.071367 0.073237 0.075113 0.076993 0.078878 0.08077 0.082667
-0.39 0.069327 0.071238 0.073154 0.075075 0.077 0.078931 0.080867 0.08281 0.08476
-0.4 0.071013 0.072973 0.074939 0.076909 0.078885 0.080866 0.082854 0.084849 0.086851

232



Chapter B – Tables of Series Resonant Converter Data

Table B.40: Normalized Power p̂ vs Normalized initial resonant current Î0 in presence
of normalized output voltage v̂.

v̂
0.37 0.38 0.39 0.4 0.41 0.42 0.43 0.44 0.45

Îo p̂
-0.41 0.072695 0.074705 0.07672 0.07874 0.080766 0.082799 0.084838 0.086885 0.08894
-0.42 0.074374 0.076433 0.078498 0.080569 0.082646 0.084729 0.086821 0.08892 0.091027
-0.43 0.07605 0.078159 0.080274 0.082395 0.084522 0.086658 0.088801 0.090952 0.093113
-0.44 0.077723 0.079882 0.082047 0.084218 0.086397 0.088584 0.090779 0.092984 0.095199
-0.45 0.079394 0.081602 0.083817 0.08604 0.08827 0.090509 0.092756 0.095014 0.097283
-0.46 0.081062 P040’!B40 0.085586 0.087859 0.090141 0.092432 0.094732 0.097044 0.099366
-0.47 0.082728 0.08332 0.087352 0.089676 0.09201 0.094353 0.096707 0.099072 0.10145
-0.48 0.084391 0.08675 0.089116 0.091492 0.093878 0.096274 0.098681 0.1011 0.103533
-0.49 0.086052 0.088461 0.090879 0.093307 0.095744 0.098193 0.100654 0.103128 0.105616
-0.5 0.087712 0.090171 0.09264 0.09512 0.09761 0.100112 0.102627 0.105156 0.107699

-0.51 0.089369 0.09188 0.0944 0.096932 0.099475 0.10203 0.1046 0.107183 0.109783
-0.52 0.091025 0.093587 0.096159 0.098743 0.101339 0.103948 0.106572 0.109211 0.111867
-0.53 0.09268 0.095292 0.097917 0.100553 0.103202 0.105866 0.108545 0.11124 0.113953
-0.54 0.094333 0.096997 0.099673 0.102362 0.105066 0.107784 0.110518 0.113269 0.11604
-0.55 0.095985 0.098701 0.101429 0.104172 0.106929 0.109701 0.112491 0.115299 0.118128
-0.56 0.097636 0.100404 0.103185 0.10598 0.108792 0.11162 0.114465 0.117331 0.120217
-0.57 0.099286 0.102106 0.10494 0.107789 0.110655 0.113538 0.116441 0.119364 0.122309
-0.58 0.100935 0.103808 0.106695 0.109598 0.112518 0.115458 0.118417 0.121398 0.124402
-0.59 0.102584 0.105509 0.108449 0.111407 0.114383 0.117378 0.120394 0.123434 0.126498
-0.6 0.104232 0.10721 0.110204 0.113216 0.116247 0.119299 0.122373 0.125472 0.128596

-0.61 0.10588 0.108911 0.111959 0.115026 0.118113 0.121222 0.124354 0.127512 0.130696
-0.62 0.107528 0.110612 0.113714 0.116837 0.11998 0.123146 0.126337 0.129554 0.1328
-0.63 0.109176 0.112313 0.11547 0.118648 0.121848 0.125072 0.128321 0.131599 0.134906
-0.64 0.110823 0.114015 0.117227 0.12046 0.123717 0.126999 0.130308 0.133646 0.137016
-0.65 0.112471 0.115717 0.118984 0.122274 0.125588 0.128928 0.132297 0.135697 0.139129
-0.66 0.114119 0.117419 0.120742 0.124088 0.12746 0.13086 0.134289 0.13775 0.141246
-0.67 0.115768 0.119123 0.122501 0.125904 0.129334 0.132793 0.136283 0.139807 0.143367
-0.68 0.117417 0.120827 0.124261 0.127722 0.131211 0.134729 0.138281 0.141867 0.145491
-0.69 0.119067 0.122532 0.126023 0.129541 0.133089 0.136668 0.140281 0.143931 0.14762
-0.7 0.120717 0.124239 0.127786 0.131363 0.134969 0.138609 0.142285 0.145998 0.149754

-0.71 0.122369 0.125946 0.129551 0.133186 0.136852 0.140553 0.144292 0.14807 0.151892
-0.72 0.124021 0.127655 0.131317 0.135011 0.138738 0.142501 0.146302 0.150146 0.154035
-0.73 0.125675 0.129365 0.133086 0.136839 0.140626 0.144451 0.148317 0.152226 0.156182
-0.74 0.12733 0.131077 0.134856 0.138669 0.142517 0.146405 0.150335 0.154311 0.158335
-0.75 0.128986 0.132791 0.136629 0.140501 0.144411 0.148363 0.152358 0.1564 0.160494
-0.76 0.130644 0.134507 0.138403 0.142336 0.146309 0.150324 0.154384 0.158494 0.162658
-0.77 0.132304 0.136224 0.14018 0.144174 0.148209 0.152289 0.156415 0.160594 0.164828
-0.78 0.133965 0.137944 0.14196 0.146015 0.150113 0.154257 0.158451 0.162699 0.167004
-0.79 0.135628 0.139666 0.143742 0.147859 0.152021 0.156231 0.160492 0.164809 0.169186
-0.8 0.137292 0.14139 0.145527 0.149707 0.153932 0.158208 0.162537 0.166925 0.171375

233



Chapter B – Tables of Series Resonant Converter Data

Table B.41: Normalized Power p̂ vs Normalized initial resonant current Î0 in presence
of normalized output voltage v̂.

v̂
0.46 0.47 0.48 0.49 0.5 0.51 0.52 0.53 0.54

Îo p̂
-0.01 0.0023 0.00235 0.0024 0.00245 0.0025 0.00255 0.0026 0.00265 0.0027
-0.02 0.004599 0.004699 0.004799 0.004899 0.004999 0.005099 0.005199 0.005299 0.005399
-0.03 0.006897 0.007047 0.007197 0.007347 0.007497 0.007647 0.007797 0.007947 0.008097
-0.04 0.009194 0.009394 0.009594 0.009794 0.009994 0.010193 0.010393 0.010593 0.010793
-0.05 0.011488 0.011738 0.011988 0.012238 0.012487 0.012737 0.012987 0.013237 0.013487
-0.06 0.01378 0.014079 0.01378 0.014679 0.014979 0.015278 0.015578 0.015878 0.016178
-0.07 0.016068 0.016418 0.016767 0.017117 0.017466 0.017816 0.018165 0.018515 0.018865
-0.08 0.018353 0.018752 0.019151 0.019551 0.01995 0.02035 0.020749 0.021149 0.021548
-0.09 0.020634 0.021083 0.021532 0.021981 0.02243 0.022879 0.023328 0.023778 0.024227
-0.1 0.02291 0.023409 0.023907 0.024406 0.024905 0.025404 0.025903 0.026402 0.026902

-0.11 0.025182 0.02573 0.026278 0.026827 0.027375 0.027924 0.028473 0.029022 0.029022
-0.12 0.027448 0.028046 0.028644 0.029242 0.02984 0.030439 0.031038 0.031637 0.032236
-0.13 0.02971 0.030357 0.031004 0.031652 0.0323 0.032949 0.033597 0.034246 0.034896
-0.14 0.031966 0.032662 0.03336 0.034057 0.034755 0.035453 0.036151 0.036851 0.03755
-0.15 0.034216 0.034962 0.035709 0.036456 0.037204 0.037952 0.0387 0.039449 0.040199
-0.16 0.036461 0.037257 0.038053 0.03885 0.039647 0.040445 0.041243 0.042043 0.042843
-0.17 0.0387 0.039545 0.040391 0.041238 0.042085 0.042932 0.043781 0.044631 0.045482
-0.18 0.040933 0.041828 0.042724 0.04362 0.044517 0.045415 0.046314 0.047214 0.048115
-0.19 0.043161 0.044105 0.04505 0.045996 0.046943 0.047892 0.048841 0.049792 0.050744
-0.2 0.045383 0.046377 0.047372 0.048368 0.049365 0.050363 0.051363 0.052365 0.053368

-0.21 0.047599 0.048643 0.049688 0.050733 0.051781 0.05283 0.05388 0.054933 0.055988
-0.22 0.04981 0.050903 0.051998 0.053094 0.054192 0.055291 0.056393 0.057497 0.058603
-0.23 0.052016 0.053159 0.054303 0.05545 0.056598 0.057748 0.058901 0.060056 0.061214
-0.24 0.054216 0.055409 0.056603 0.0578 0.058999 0.060201 0.061405 0.062612 0.063822
-0.25 0.056411 0.057654 0.058899 0.060146 0.061396 0.062649 0.063905 0.065164 0.066427
-0.26 0.058601 0.059894 0.061189 0.062488 0.063789 0.065093 0.066401 0.067712 0.069028
-0.27 0.060786 0.06213 0.063476 0.064825 0.066177 0.067533 0.068893 0.070258 0.071627
-0.28 0.062967 0.064361 0.065758 0.067158 0.068562 0.06997 0.071383 0.0728 0.074223
-0.29 0.065143 0.066588 0.068036 0.069488 0.070944 0.072404 0.07387 0.075341 0.076818
-0.3 0.067315 0.068811 0.07031 0.071814 0.073322 0.074835 0.076354 0.077879 0.07941

-0.31 0.069483 0.07103 0.072581 0.074137 0.075698 0.077264 0.078836 0.080415 0.082002
-0.32 0.071648 0.073246 0.074849 0.076457 0.078071 0.07969 0.081317 0.082951 0.084593
-0.33 0.073809 0.075459 0.077114 0.078774 0.080441 0.082115 0.083796 0.085485 0.087183
-0.34 0.075967 0.077669 0.079376 0.081089 0.08281 0.084538 0.086273 0.088018 0.089773
-0.35 0.078122 0.079876 0.081636 0.083402 0.085177 0.086959 0.08875 0.090551 0.092363
-0.36 0.080274 0.08208 0.083893 0.085714 0.087542 0.08938 0.091227 0.093085 0.094954
-0.37 0.082424 0.084283 0.086149 0.088024 0.089907 0.0918 0.093703 0.095618 0.097546
-0.38 0.084572 0.086483 0.088403 0.090332 0.092271 0.094219 0.09618 0.098153 0.100139
-0.39 0.086717 0.088682 0.090656 0.09264 0.094634 0.096639 0.098657 0.100688 0.102735
-0.4 0.088861 0.09088 0.092908 0.094947 0.096997 0.099059 0.101135 0.103225 0.105332
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Chapter B – Tables of Series Resonant Converter Data

Table B.42: Normalized Power p̂ vs Normalized initial resonant current Î0 in presence
of normalized output voltage v̂.

v̂
0.46 0.47 0.48 0.49 0.5 0.51 0.52 0.53 0.54

Îo p̂
-0.41 0.091003 0.093076 0.095159 0.097254 0.09936 0.10148 0.103614 0.105764 0.107932
-0.42 0.093144 0.095272 0.09741 0.09956 0.101724 0.103902 0.106095 0.108305 0.110534
-0.43 0.095285 0.097467 0.099661 0.101867 0.104088 0.106325 0.108578 0.110849 0.11314
-0.44 0.097424 0.099661 0.101911 0.104175 0.106454 0.108749 0.111063 0.113396 0.11575
-0.45 0.099563 0.101856 0.104162 0.106483 0.108821 0.111176 0.11355 0.115946 0.118364
-0.46 0.101702 0.10405 0.106414 0.108793 0.111189 0.113605 0.116041 0.118499 0.120982
-0.47 0.10384 0.106245 0.108666 0.111104 0.11356 0.116036 0.118534 0.121057 0.123605
-0.48 0.105979 0.108441 0.110919 0.113416 0.115932 0.11847 0.121032 0.123618 0.126233
-0.49 0.108118 0.110638 0.113174 0.115731 0.118308 0.120908 0.123533 0.126185 0.128867
-0.5 0.110258 0.112835 0.115431 0.118047 0.120686 0.123349 0.126038 0.128757 0.131507

-0.51 0.112399 0.115034 0.11769 0.120366 0.123067 0.125793 0.128548 0.131333 0.134153
-0.52 0.114542 0.117235 0.11995 0.122688 0.125452 0.128242 0.131063 0.133916 0.136805
-0.53 0.116685 0.119438 0.122213 0.125013 0.12784 0.130696 0.133583 0.136505 0.139465
-0.54 0.11883 0.121643 0.124479 0.127342 0.130232 0.133154 0.136109 0.1391 0.142133
-0.55 0.120977 0.12385 0.126748 0.129674 0.132629 0.135617 0.13864 0.141703 0.144808
-0.56 0.123126 0.12606 0.12902 0.132009 0.13503 0.138085 0.141178 0.144312 0.147491
-0.57 0.125278 0.128273 0.131296 0.134349 0.137436 0.140559 0.143722 0.146929 0.150183
-0.58 0.127431 0.130488 0.133575 0.136694 0.139847 0.14304 0.146274 0.149554 0.152884
-0.59 0.129588 0.132707 0.135858 0.139042 0.142264 0.145526 0.148832 0.152187 0.155595
-0.6 0.131748 0.13493 0.138145 0.141396 0.144686 0.148019 0.151398 0.154829 0.158315

-0.61 0.13391 0.137156 0.140437 0.143755 0.147115 0.150519 0.153972 0.157479 0.161046
-0.62 0.136077 0.139387 0.142734 0.14612 0.149549 0.153026 0.156554 0.160139 0.163787
-0.63 0.138246 0.141622 0.145035 0.14849 0.151991 0.155541 0.159145 0.162809 0.166539
-0.64 0.14042 0.143861 0.147342 0.150866 0.154439 0.158063 0.161745 0.165489 0.169303
-0.65 0.142598 0.146105 0.149654 0.153249 0.156894 0.160594 0.164354 0.16818 0.172079
-0.66 0.144779 0.148353 0.151972 0.155638 0.159357 0.163133 0.166973 0.170882 0.174867
-0.67 0.146966 0.150608 0.154296 0.158034 0.161828 0.165682 0.169602 0.173595 0.177668
-0.68 0.149157 0.152867 0.156626 0.160437 0.164306 0.168239 0.172241 0.176319 0.180482
-0.69 0.151353 0.155132 0.158962 0.162847 0.166793 0.170806 0.174891 0.179056 0.18331
-0.7 0.153554 0.157403 0.161305 0.165265 0.169289 0.173382 0.177552 0.181805 0.186153

-0.71 0.15576 0.15968 0.163655 0.167691 0.171794 0.175969 0.180224 0.184568 0.18901
-0.72 0.157972 0.161964 0.166013 0.170126 0.174308 0.178566 0.182908 0.187344 0.191882
-0.73 0.16019 0.164254 0.168378 0.172568 P073’!B45 0.181174 0.185605 0.190133 0.194769
-0.74 0.162414 0.16655 0.17075 0.17502 0.179365 0.183794 0.188314 0.192937 0.197673
-0.75 0.164644 0.168854 0.173131 0.17748 0.181909 0.186425 0.191037 0.195756 0.200594
-0.76 0.16688 0.171165 0.17552 0.17995 0.184463 0.189067 0.193773 0.19859 0.203532
-0.77 0.169123 0.173484 0.177917 0.182429 0.187028 0.191723 0.196523 0.20144 0.206488
-0.78 0.171373 0.175811 0.180323 0.184919 0.189605 0.194391 0.199287 0.204306 0.209462
-0.79 0.17363 0.178145 0.182739 0.187418 0.192193 0.197072 0.202066 0.207189 0.212456
-0.8 0.175894 0.180488 0.185163 0.189929 0.194793 0.199766 0.20486 0.210089 0.215468
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Chapter B – Tables of Series Resonant Converter Data

Table B.43: Normalized Power p̂ vs Normalized initial resonant current Î0 in presence
of normalized output voltage v̂.

v̂
0.55 0.56 0.57 0.58 0.59 0.6 0.61 0.62 0.63

Îo p̂
-0.01 0.00275 0.0028 0.00285 0.0029 0.00295 0.003 0.00305 0.0031 0.00315
-0.02 0.005499 0.005599 0.005699 0.005799 0.005899 0.005999 0.006099 0.006199 0.006299
-0.03 0.008247 0.008397 0.008547 0.008697 0.008847 0.008997 0.009147 0.009297 0.009447
-0.04 0.010993 0.011193 0.011393 0.011593 0.011793 0.011993 0.012193 0.012393 0.012594
-0.05 0.013737 0.013987 0.014237 0.014487 0.014737 0.014987 0.015237 0.015487 0.015738
-0.06 0.016478 0.016777 0.017077 0.017378 0.017678 0.017978 0.018278 0.018578 0.018879
-0.07 0.019215 0.019565 0.019915 0.020265 0.020615 0.020965 0.021316 0.021666 0.022017
-0.08 0.021948 0.022348 0.022348 0.023148 0.023549 0.023949 0.02435 0.024751 0.025152
-0.09 0.024677 0.025127 0.025577 0.026028 0.026478 0.026929 0.02738 0.027832 0.028284
-0.1 0.027402 0.027902 0.028402 0.028902 0.029403 0.029905 0.030406 0.030909 0.031411

-0.11 0.030121 0.030672 0.031222 0.031773 0.032324 0.032876 0.033428 0.033982 0.034536
-0.12 0.032836 0.033436 0.034037 0.034639 0.03524 0.035843 0.036447 0.037051 0.037656
-0.13 0.035546 0.036196 0.036848 0.0375 0.038152 0.038806 0.03946 0.040116 0.040773
-0.14 0.03825 0.038951 0.039653 0.040356 0.04106 0.041764 0.042471 0.043178 0.043887
-0.15 0.04095 0.041701 0.042454 0.043208 0.043963 0.044719 0.045477 0.046237 0.046998
-0.16 0.043644 0.044447 0.04525 0.046055 0.046861 0.04767 0.04848 0.049292 0.050107
-0.17 0.046334 0.047187 0.048042 0.048898 0.049756 0.050617 0.051479 0.052345 0.053213
-0.18 0.049018 0.049923 0.050829 0.051737 0.052647 0.053561 0.054476 0.055395 0.056318
-0.19 0.051698 0.052654 0.053612 0.054572 0.055535 0.056501 0.057471 0.058444 0.059421
-0.2 0.054373 0.055381 0.056391 0.057404 0.05842 0.05944 0.060463 0.061491 0.062524

-0.21 0.057045 0.058104 0.059167 0.060233 0.061302 0.062376 0.063454 0.064537 0.065626
-0.22 0.059712 0.060824 0.061939 0.063059 0.064182 0.06531 0.066444 0.067583 0.068729
-0.23 0.062376 0.06354 0.064709 0.065882 0.06706 0.068244 0.069433 0.070629 0.071833
-0.24 0.065036 0.066254 0.067477 0.068704 0.069937 0.071176 0.072422 0.073676 0.074938
-0.25 0.067694 0.068965 0.070242 0.071524 0.072813 0.074108 0.075412 0.076724 0.078046
-0.26 0.070348 0.071674 0.073005 0.074343 0.075688 0.077041 0.078402 0.079774 0.081156
-0.27 0.073001 0.074381 0.075768 0.077162 0.078563 0.079974 0.081394 0.082826 0.084269
-0.28 0.075652 0.077087 0.078529 0.07998 0.081439 0.082908 0.084388 0.085881 0.087387
-0.29 0.078301 0.079792 0.08129 0.082798 0.084316 0.085844 0.087385 0.08894 0.090509
-0.3 0.080949 0.082496 0.084052 0.085617 0.087194 0.088783 0.090385 0.092003 0.093637

-0.31 0.083596 0.0852 0.086813 0.088438 0.090074 0.091724 0.093389 0.09507 0.09677
-0.32 0.086244 0.087904 0.089576 0.09126 0.092957 0.094669 0.096397 0.098144 0.099911
-0.33 0.088891 0.090609 0.09234 0.094084 0.095842 0.097617 0.09941 0.101223 0.103058
-0.34 0.091538 0.093316 0.095106 0.096911 0.098732 0.10057 0.102429 0.104309 0.106214
-0.35 0.094187 0.096023 0.097874 0.099741 0.101625 0.103528 0.105453 0.107402 0.109378
-0.36 0.096836 0.098733 0.100645 0.102574 0.104522 0.106492 0.108485 0.110503 0.112552
-0.37 0.099488 0.101445 0.103419 0.105412 0.107425 0.109461 0.111523 0.113613 0.115735
-0.38 0.102141 0.10416 0.106197 0.108254 0.110333 0.112438 0.11457 0.116732 0.11893
-0.39 0.104797 0.106878 0.108979 0.111101 0.113248 0.115421 0.117625 0.119862 0.122136
-0.4 0.107456 0.1096 0.111765 0.113954 0.116169 0.118413 0.120689 0.123001 0.125354
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Chapter B – Tables of Series Resonant Converter Data

Table B.44: Normalized Power p̂ vs Normalized initial resonant current Î0 in presence
of normalized output voltage v̂.

v̂
0.55 0.56 0.57 0.58 0.59 0.6 0.61 0.62 0.63

Îo p̂
-0.41 0.110118 0.112326 0.114556 0.116812 0.119097 0.121412 0.123763 0.126152 0.128585
-0.42 0.112784 0.115056 0.117353 0.119678 0.122033 0.124421 0.126847 0.129315 0.131829
-0.43 0.115454 0.117792 0.120156 0.12255 0.124976 0.127439 0.129942 0.13249 0.135089
-0.44 0.118128 0.120533 0.122965 0.12543 0.127929 0.130467 0.133049 0.135679 0.138363
-0.45 0.120808 0.123279 0.125781 0.128318 0.130891 0.133506 0.136168 0.138882 0.141654
-0.46 0.123492 0.126032 0.128605 0.131214 0.133863 0.136557 0.1393 0.142099 0.144961
-0.47 0.126183 0.128792 0.131436 0.134119 0.136845 0.139619 0.142446 0.145332 0.148286
-0.48 0.128879 0.131559 0.134276 0.137034 0.139838 0.142693 0.145606 0.148581 0.151629
-0.49 0.131582 0.134333 0.137124 0.139959 0.142843 0.145781 0.14878 0.151848 0.154992
-0.5 0.134292 0.137115 0.139981 0.142894 0.14586 0.148883 0.151971 0.155132 0.158375

-0.51 0.137009 0.139906 0.142849 0.145841 0.148889 0.151999 0.155178 0.158434 0.161779
-0.52 0.139734 0.142706 0.145726 0.148799 0.151931 0.15513 0.158402 0.161756 0.165205
-0.53 0.142467 0.145515 0.148614 0.15177 0.154988 0.158276 0.161643 0.165099 0.168654
-0.54 0.145209 0.148334 0.151514 0.154753 0.158059 0.161439 0.164904 0.168462 0.172128
-0.55 0.14796 0.151163 0.154425 0.157749 0.161145 0.16462 0.168184 0.171848 0.175626
-0.56 0.15072 0.154003 0.157348 0.16076 0.164247 0.167818 0.171484 0.175257 0.179151
-0.57 0.15349 0.156855 0.160284 0.163784 0.167365 0.171034 0.174805 0.178689 0.182703
-0.58 0.15627 0.159718 0.163233 0.166824 0.1705 0.17427 0.178148 0.182147 0.186284
-0.59 0.159061 0.162593 0.166196 0.16988 0.173653 0.177527 0.181514 0.185631 0.189894
-0.6 0.161863 0.16548 0.169173 0.172951 0.176824 0.180804 0.184904 0.189141 0.193536

-0.61 0.164677 0.168381 0.172166 0.17604 0.180015 0.184102 0.188318 0.19268 0.19721
-0.62 0.167503 0.171296 0.175174 0.179146 0.183225 0.187424 0.191759 0.196249 0.200917
-0.63 0.170342 0.174225 0.178197 0.18227 0.186456 0.190769 0.195226 0.199848 0.20466
-0.64 0.173193 0.177168 0.181238 0.185414 0.189708 0.194138 0.19872 0.203479 0.20844
-0.65 0.176058 0.180127 0.184296 0.188576 0.192983 0.197532 0.202244 0.207143 0.212258
-0.66 0.178937 0.183102 0.187372 0.19176 0.196281 0.200953 0.205798 0.210842 0.216116
-0.67 0.181831 0.186093 0.190466 0.194964 0.199603 0.204401 0.209383 0.214577 0.220016
-0.68 0.184739 0.189101 0.19358 0.19819 0.202949 0.207878 0.213001 0.21835 0.22396
-0.69 0.187663 0.192127 0.196713 0.201439 0.206322 0.211384 0.216653 0.222162 0.22795
-0.7 0.190604 0.195171 0.199867 0.204711 0.209721 0.214921 0.220341 0.226015 0.231988

-0.71 0.19356 0.198233 0.203043 0.208008 0.213148 0.21849 0.224065 0.229911 0.236077
-0.72 0.196534 0.201315 0.206241 0.211329 0.216604 0.222092 0.227828 0.233852 0.240219
-0.73 0.199526 0.204418 0.209461 0.214677 0.22009 0.225729 0.23163 0.23784 0.244416
-0.74 0.202536 0.207541 0.212706 0.218052 0.223607 0.229401 0.235475 0.241877 0.248672
-0.75 0.205565 0.210685 P075’!B45 0.221455 0.227156 0.233111 0.239363 0.245966 0.25299
-0.76 0.208614 0.213852 0.219269 0.224888 0.230739 0.23686 0.243298 0.250109 0.257372
-0.77 0.211683 0.217042 0.222589 0.22835 0.234357 0.24065 0.247279 0.254309 0.261823
-0.78 0.214772 0.220256 0.225937 0.231844 0.238011 0.244482 0.251311 0.258569 0.266347
-0.79 0.217884 0.223495 0.229313 0.23537 0.241703 0.248359 0.255396 0.262891 0.270948
-0.8 0.221018 0.226759 0.232719 0.238931 0.245435 0.252281 0.259535 0.26728 0.27563
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Chapter B – Tables of Series Resonant Converter Data

Table B.45: Normalized Power p̂ vs Normalized initial resonant current Î0 in presence
of normalized output voltage v̂.

v̂
0.64 0.65 0.66 0.67 0.68 0.69 0.7 0.71 0.72

Îo p̂
-0.01 0.0032 0.00325 0.0033 0.00335 0.0034 0.00345 0.0035 0.00355 0.0036
-0.02 0.006399 0.006499 0.006599 0.006699 0.006799 0.006899 0.006999 0.0071 0.0072
-0.03 0.009597 0.009747 0.009898 0.010048 0.010198 0.010348 0.010498 0.010649 0.010799
-0.04 0.012794 0.012994 0.013194 0.013395 0.013595 0.013795 0.013996 0.014197 0.014398
-0.05 P005’!B45 0.016238 0.016489 0.01674 0.01699 0.017241 0.01699 0.017744 0.017995
-0.06 0.01918 0.01948 0.019781 0.020083 0.020384 0.020686 0.020988 0.02129 0.021593
-0.07 0.022368 0.02272 0.023071 0.023423 0.023775 0.024128 0.024481 0.024835 0.02519
-0.08 0.025554 0.025956 0.026358 0.026761 0.027165 0.027569 0.027974 0.02838 0.028786
-0.09 0.028736 0.029189 0.029643 0.030097 0.030552 0.031008 0.031465 0.031924 0.032383
-0.1 0.031915 0.032419 0.032924 0.03343 0.033937 0.034446 0.034956 0.035468 0.035981

-0.11 0.03509 0.035646 0.036203 0.036761 0.037321 0.037883 0.038446 0.039012 0.039581
-0.12 0.038263 0.03887 0.03948 0.040091 0.040704 0.041319 0.041937 0.042558 0.043182
-0.13 0.041432 0.042092 0.042754 0.043419 0.044085 0.044755 0.045428 0.046105 0.046787
-0.14 0.044598 0.045312 0.046027 0.046746 0.047467 0.048192 0.048921 0.049656 0.050395
-0.15 0.047763 0.048529 0.049299 0.050072 0.050849 0.05163 0.052417 0.053209 0.054009
-0.16 0.050925 0.051745 0.05257 0.053399 0.054232 0.055071 0.055916 0.056768 0.057628
-0.17 0.054085 0.054961 0.055841 0.056726 0.057617 0.058514 0.059418 0.060331 0.061254
-0.18 0.057245 0.058176 0.059112 0.060055 0.061004 0.06196 0.062926 0.063901 0.064889
-0.19 0.060404 0.061391 0.062385 0.063385 0.064394 0.065411 0.066439 0.067479 0.068532
-0.2 0.063562 0.064607 0.065659 0.066719 0.067788 0.068868 0.06996 0.071065 0.072186

-0.21 0.066722 0.067825 0.068936 0.070056 0.071187 0.072331 0.073488 0.07466 0.075851
-0.22 0.069883 0.071045 0.072216 0.073398 0.074592 0.075801 0.077025 0.078267 0.07953
-0.23 0.073045 0.074267 0.0755 0.076745 0.078004 0.079278 0.080571 0.081885 0.083222
-0.24 0.07621 0.077493 0.078789 0.080098 0.081423 0.082766 0.084129 0.085516 0.086929
-0.25 0.079379 0.080724 0.082083 0.083457 0.08485 0.086263 0.087698 0.089161 0.090654
-0.26 0.082551 0.083959 0.085383 0.086825 0.088286 0.089771 0.091281 0.092821 0.094396
-0.27 0.085727 0.0872 0.08869 0.090201 0.091733 0.093291 0.094878 0.096498 0.098157
-0.28 0.088909 0.090447 0.092006 0.093586 0.095191 0.096824 0.09849 0.100193 0.101939
-0.29 0.092096 0.093702 0.09533 0.096981 0.098661 0.100372 0.102119 0.103907 0.105743
-0.3 0.09529 0.096965 0.098663 0.100388 0.102144 0.103935 0.105765 0.107642 0.109571

-0.31 0.098491 0.100236 0.102006 0.103807 0.105641 0.107514 0.109431 0.111398 0.113424
-0.32 0.101701 0.103516 0.105361 0.107239 0.109153 0.111111 0.113116 0.115178 0.117304
-0.33 0.104919 0.106807 0.108728 0.110684 0.112682 0.114726 0.116823 0.118982 0.121212
-0.34 0.108146 0.110109 0.112108 0.114145 0.116227 0.118361 0.120553 0.122812 0.125151
-0.35 0.111384 0.113423 0.115501 0.117622 0.119791 0.122017 0.124307 0.126671 0.129121
-0.36 0.114632 0.11675 0.118909 0.121115 0.123374 0.125695 0.128086 0.130558 0.133126
-0.37 0.117893 0.12009 0.122333 0.124626 0.126978 0.129397 0.131892 0.134477 0.137166
-0.38 0.121165 0.123444 0.125773 0.128156 0.130604 0.133124 0.135727 0.138429 0.141244
-0.39 0.124451 0.126814 0.12923 0.131707 0.134252 0.136877 0.139593 0.142415 0.145363
-0.4 0.127751 0.1302 0.132706 0.135278 0.137924 0.140657 0.143489 0.146438 0.149523
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Chapter B – Tables of Series Resonant Converter Data

Table B.46: Normalized Power p̂ vs Normalized initial resonant current Î0 in presence
of normalized output voltage v̂.

v̂
0.64 0.65 0.66 0.67 0.68 0.69 0.7 0.71 0.72

Îo p̂
-0.41 0.131066 0.133603 0.136202 0.138871 0.141622 0.144467 0.14742 0.1505 0.153729
-0.42 0.134397 0.137023 0.139718 0.142488 0.145347 0.148307 0.151386 0.154602 0.157983
-0.43 0.137744 0.140463 0.143255 0.14613 0.1491 0.15218 0.155389 0.158748 0.162287
-0.44 0.141108 0.143922 0.146815 0.149797 0.152882 0.156087 0.159431 0.16294 0.166644
-0.45 0.144491 0.147403 0.150399 0.153492 0.156696 0.16003 0.163515 0.167179 0.171058
-0.46 0.147893 0.150905 0.154008 0.157215 0.160542 0.16401 0.167643 0.17147 0.175533
-0.47 0.151315 0.15443 0.157642 0.160968 0.164423 0.16803 0.171816 0.175815 0.180071
-0.48 0.154758 0.157979 0.161305 0.164752 0.16834 0.172092 0.176038 0.180217 0.184677
-0.49 0.158223 0.161553 0.164996 0.168569 0.172295 0.176198 0.180312 0.18468 0.189356
-0.5 0.158375 0.165153 0.168717 0.172421 0.176289 0.18035 0.18464 0.189207 0.194113

-0.51 0.165223 0.168781 0.172469 0.176309 0.180326 0.184551 0.189026 0.193803 0.198952
-0.52 0.16876 0.172438 0.176255 0.180235 0.184407 0.188804 0.193472 0.198471 0.203881
-0.53 0.172324 0.176124 0.180075 0.184201 0.188534 0.193111 0.197983 0.203218 0.208905
-0.54 0.175915 0.179842 0.183931 0.188209 0.192709 0.197475 0.202563 0.208047 0.214032
-0.55 0.179535 0.183594 0.187826 0.192261 0.196937 0.201901 0.207216 0.212966 0.219271
-0.56 0.183185 0.187379 0.19176 0.196359 0.201218 0.206391 0.211946 0.217981 0.22463
-0.57 0.186866 0.191201 0.195735 0.200506 0.205557 0.210949 0.21676 0.223098 0.230122
-0.58 0.19058 0.19506 0.199755 0.204704 0.209957 0.21558 0.221662 0.228327 0.235758
-0.59 0.194328 0.198959 0.20382 0.208956 0.214421 0.220289 0.22666 0.233677 0.241552
-0.6 0.198112 0.202899 0.207934 0.213264 0.218952 0.22508 0.23176 0.239158 0.247523

-0.61 0.201933 0.206882 0.212098 0.217633 0.223556 0.229959 0.236971 0.244783 0.253689
-0.62 0.205793 0.210911 0.216316 0.222065 0.228236 0.234932 0.242302 0.250565 0.260076
-0.63 0.209694 0.214987 0.220589 0.226565 0.232998 0.240008 0.247763 0.256522 0.266713
-0.64 0.213637 0.219113 0.224922 0.231135 0.237847 0.245192 0.253366 0.262673 0.273636
-0.65 0.217626 0.223292 0.229318 0.235781 0.24279 0.250495 0.259125 0.269042 0.280892
-0.66 0.221661 0.227527 0.23378 0.240508 0.247832 0.255927 0.265056 0.275658 0.288543
-0.67 0.225745 0.231819 0.238312 0.24532 0.252982 0.261498 0.271179 0.282555 0.296671
-0.68 0.229881 0.236173 0.242918 0.250224 0.258249 0.267222 0.277515 0.28978 0.305391
-0.69 0.234071 0.240592 0.247603 0.255226 0.263641 0.273116 0.284092 0.297389 0.314876
-0.7 0.238318 0.245079 0.252371 0.260334 0.26917 0.279196 0.290945 0.305463 0.325402

-0.71 0.242626 0.249639 0.25723 0.265555 0.274849 0.285484 0.298116 0.314108 0.337471
-0.72 0.246997 0.254277 0.262184 0.270899 0.280692 0.292007 0.30566 0.323485 0.352205
-0.73 0.251434 0.258995 0.267241 0.276376 0.286717 0.298797 0.313649 0.333845 0.373749
-0.74 0.255942 0.263802 0.272409 0.281999 0.292944 0.305894 0.322185 0.345633 0
-0.75 0.260526 0.268701 0.277696 0.287781 0.299398 0.313349 0.331412 0.359782 0
-0.76 0.265189 0.2737 0.283112 0.293738 0.306108 0.321228 0.341554 0.379225 0
-0.77 0.269936 0.278806 0.288668 0.29989 0.313111 0.329623 0.352993 0.41043 0
-0.78 0.274773 0.284027 0.294378 0.30626 0.320455 0.338664 0.366484 0 0
-0.79 0.279707 0.289373 0.300256 0.312874 0.328201 0.348545 0.384074 0 0
-0.8 0.284744 0.294854 0.306321 0.319768 0.336429 0.359587 0.421476 0 0
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Table B.47: Normalized Power p̂ vs Normalized initial resonant current Î0 in presence
of normalized output voltage v̂.

v̂
0.73 0.74 0.75 0.76 0.77 0.78 0.79 0.8

Îo p̂
-0.01 0.00365 0.0037 0.00375 0.0038 0.00385 0.0039 0.00395 0.004
-0.02 0.0073 0.0074 0.0075 0.0076 0.007701 0.007801 0.007901 0.008002
-0.03 0.010949 0.0111 0.010949 0.011401 0.011552 0.011703 0.011854 0.012005
-0.04 0.014398 0.0148 0.015001 0.015203 0.015405 0.015607 0.01581 0.016013
-0.05 0.017995 0.0185 0.018752 0.019006 0.019259 0.019514 0.019769 0.020026
-0.06 0.021896 0.0222 0.022505 0.02281 0.023117 0.023425 0.023734 0.024045
-0.07 0.025545 0.025901 0.026259 0.026618 0.026978 0.027341 0.027705 0.028073
-0.08 0.029195 0.029604 0.029195 0.030429 0.030844 0.031263 0.031685 0.032111
-0.09 0.032845 0.033309 0.033775 0.034244 0.034716 0.035193 0.035674 0.036161
-0.1 0.036497 0.037016 0.037539 0.038065 0.038596 0.039132 0.039675 0.040226

-0.11 0.039581 0.040728 0.041308 0.041893 0.042484 0.043082 0.043689 0.044307
-0.12 0.043811 0.044444 0.045083 0.045728 0.046382 0.047045 0.047719 0.048406
-0.13 0.047473 0.048166 0.048866 0.049574 0.050292 0.051022 0.051765 0.052526
-0.14 0.051141 0.051895 0.052657 0.05343 0.054215 0.055015 0.055832 0.05667
-0.15 0.054816 0.055632 0.056459 0.057299 0.058154 0.059026 0.05992 0.060839
-0.16 0.058498 0.059379 0.060273 0.061182 0.062109 0.063057 0.064031 0.065036
-0.17 0.062189 0.063136 0.064099 0.06508 0.066083 0.067111 0.068169 0.069264
-0.18 0.065889 0.066905 0.06794 0.068996 0.070077 0.071188 0.072335 0.073526
-0.19 0.069601 0.070688 0.071797 0.072931 0.074094 0.075292 0.076533 0.077824
-0.2 0.073325 0.073325 0.075672 0.076886 0.078135 0.079425 0.080763 0.082162

-0.21 0.077064 0.0783 0.079565 0.080864 0.082203 0.083588 0.085031 0.086542
-0.22 0.080817 0.082132 0.08348 0.084867 0.086299 0.087785 0.089337 0.090969
-0.23 0.084587 0.085983 0.087418 0.088896 0.090426 0.092018 0.093686 0.095446
-0.24 0.088374 0.089856 0.09138 0.092953 0.094586 0.09629 0.098081 0.099976
-0.25 0.092182 0.093751 0.095368 0.097041 0.098782 0.100604 0.102524 0.104564
-0.26 0.09601 0.09767 0.099384 0.101162 0.103016 0.104962 0.10702 0.109215
-0.27 0.09986 0.101615 0.10343 0.105318 0.107291 0.109369 0.111573 0.113934
-0.28 0.101939 0.105588 0.107509 0.109511 0.11161 0.113826 0.116186 0.118726
-0.29 0.107634 0.10959 0.111622 0.113745 0.115976 0.118339 0.120865 0.123596
-0.3 0.109571 0.113624 0.115772 0.118021 0.120392 0.122911 0.125615 0.128553

-0.31 0.115518 0.117692 0.119961 0.122343 0.124861 0.127547 0.130442 0.133602
-0.32 0.119506 0.121796 0.124191 0.126713 0.129388 0.132251 0.13535 0.138754
-0.33 0.123526 0.125938 0.128466 0.131135 0.133976 0.137028 0.140349 0.144016
-0.34 0.127581 0.13012 0.132788 0.135613 0.13863 0.141885 0.145444 0.149401
-0.35 0.131673 0.134345 0.137161 0.14015 0.143354 0.146827 0.150645 0.15492
-0.36 0.135805 0.138616 0.141586 0.144751 0.148155 0.151862 0.155962 0.160589
-0.37 0.139977 0.142935 0.146069 0.149419 0.153038 0.156998 0.161407 0.166425
-0.38 0.144195 0.147306 0.150613 0.15416 0.158009 0.162244 0.166992 0.172449
-0.39 0.148458 0.151732 0.155222 0.15898 0.163075 0.167609 0.172732 0.178685
-0.4 0.152772 0.156216 0.1599 0.163883 0.168246 0.173107 0.178647 0.185167
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Table B.48: Normalized Power p̂ vs Normalized initial resonant current Î0 in presence
of normalized output voltage v̂.

v̂
0.73 0.74 0.75 0.76 0.77 0.78 0.79 0.8

Îo p̂
-0.41 0.157138 0.160763 0.164653 0.168877 0.173529 0.17875 0.184758 0.191932
-0.42 0.16156 0.165375 0.169486 0.173969 0.178936 0.184554 0.191092 0.199034
-0.43 0.166041 0.170059 0.174405 0.179168 0.184479 0.190539 0.197682 0.20654
-0.44 0.170586 0.174818 0.179416 0.184482 0.190171 0.196727 0.20457 0.214548
-0.45 0.175198 0.179659 0.184527 0.189923 0.19603 0.203147 0.211813 0.2232
-0.46 0.179882 0.184587 0.189747 0.195503 0.202075 0.209833 0.219483 0.232725
-0.47 0.184643 0.18961 0.195085 0.201236 0.20833 0.216831 0.227687 0.243526
-0.48 0.189486 0.194733 0.200552 0.20714 0.214823 0.224197 0.236581 0.256484
-0.49 0.194417 0.199967 0.20616 0.213234 0.221592 0.232013 0.24642 0.274587
-0.5 0.199444 0.205321 0.211924 0.219543 0.228682 0.24039 0.257668

-0.51 0.204573 0.210805 0.217862 0.226096 0.236155 0.249498 0.271386
-0.52 0.209813 0.216432 0.223994 0.232932 0.244094 0.259615 0.291783
-0.53 0.215174 0.222218 0.230344 0.240097 0.252617 0.271261
-0.54 0.220666 0.228178 0.236942 0.247654 0.261903 0.285671
-0.55 0.226303 0.234334 0.243827 0.25569 0.272251 0.308644
-0.56 0.232099 0.240711 0.251048 0.264327 0.284224
-0.57 0.23807 0.247339 0.258667 0.273751 0.299205
-0.58 0.244238 0.254256 0.266772 0.284272 0.324778
-0.59 P059’!B45 0.26151 0.275487 0.296482
-0.6 0.257268 0.269166 0.285002 0.311854

-0.61 0.264198 0.27731 0.29563 0.339313
-0.62 0.271465 0.286066 0.307971
-0.63 0.279131 0.295622 0.323514
-0.64 0.287283 0.306286 0.35111
-0.65 0.29604 0.318645
-0.66 0.305585 0.334123
-0.67 0.316215 0.360183
-0.68 0.32848
-0.69 0.343674
-0.7 0.367504
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Appendix C

PRC and SRC polynomials

in Matlab Codes

C.1 PRC Polynomial Codes

This illustrates PRC polynomials

1 %% Frequency and Duty output with Power and Voltage as Input

2 % a stands for frequncy polynomial coefficients.

3 % b stands for duty polynomial coefficients.

4

5 function [f,d]=fcn(v,p)

6 if (v ≥ 1) && (v ≤ 1.2)&&(0.560354057≤p && p ≤1.948584073)

7 a1=−6.44*v+6.4193;

8 a2=18.319*v−18.287;

9 a3=−16.536*v+15.924;

10 a4=5.349*v−4.1342;

11

12 b1=2.5863*v−2.5879;

13 b2=−7.3565*v+7.3709;

14 b3=6.8951*v−6.7233;

15 b4=−2.157*v+2.2782;
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16

17 elseif (v ≥ 1.3) && (v ≤ 1.5)&&(0.773108748≤p && p≤1.498568802)

18

19 a1=−1.59*v+0.73103;

20 a2=7.2865*v−5.5462;

21 a3=−9.536*v+8.1538;

22 a4=4.222*v−3.0346;

23

24 b1=1.4197*v−1.253;

25 b2=−5.573*v+5.5074;

26 b3=6.9235*v−7.1266;

27 b4=−2.8196*v+3.231;

28

29

30 elseif (v ≥ 1.6) && (v ≤ 1.8)&&(0.907865669≤p && p≤1.654088175)

31 a1=−0.675*v−0.27697;

32 a2=5.6585*v−4.4915;

33 a3=−10.486*v+11.393;

34 a4=5.87*v−6.306;

35

36 b1=1.0212*v−0.84879;

37 b2=−5.669*v+6.4327;

38 b3=9.214*v−11.632;

39 b4=−4.713*v+6.5631;

40

41

42 elseif (v ≥ 1.9) && (v ≤ 2.0)&&(1.122564142≤p && p≤1.770743457)

43 a1=−1.095*v+0.5737;

44 a2=8.328*v−9.835;

45 a3=−16.523*v+23.247;

46 a4=10.022*v−14.362;

47

48 b1=1.48*v−1.7409;

49 b2=−8.867*v+12.589;

50 b3=15.965*v−24.54;

51 b4=−9.087*v+14.889;
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52

53 elseif (v ≥ 2.1) && (v ≤ 2.2)&&(1.256339732≤p && p≤1.891467209)

54 a1=2.424*v−6.4033;

55 a2=−9.185*v+24.994;

56 a3=11.445*v−32.488;

57 a4=−4.495*v+14.611;

58

59 b1=−1.4155*v+4.0245;

60 b2=4.987*v−15.045;

61 b3=−5.526*v+18.38;

62 b4=1.776*v−6.8231;

63

64

65 elseif (v ≥ 2.3) && (v ≤ 2.4)&&(1.397247313≤p && p≤2.014631983)

66

67 a1=−0.365*v−0.3347;

68 a2=3.796*v−3.17;

69 a3=−9.153*v+12.106;

70 a4=6.57*v−9.3089;

71

72 b1=0.916*v−1.06;

73 b2=−6.297*v+9.5256;

74 b3=13.015*v−21.959;

75 b4=−8.519*v+15.571;

76

77 elseif (v ≥ 2.5) && (v ≤ 2.6)&&(1.476245431≤p && p≤2.140302049)

78

79 a1=−1.393*v+2.4775;

80 a2=10.211*v−20.46;

81 a3=−22.786*v+48.312;

82 a4=16.191*v−34.545;

83

84 b1=1.8546*v−3.6424;

85 b2=−12.615*v+26.522;

86 b3=27.025*v−58.994;

87 b4=−18.648*v+42;
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88

89

90 elseif (v ≥ 2.7) && (v ≤ 2.8)&&(1.628279553≤p && p≤2.266553158)

91 a1=1.5088*v−5.0318;

92 a2=−7.101*v+24.405;

93 a3=10.879*v−39.025;

94 a4=−5.261*v+21.15;

95

96 b1=−1.2309*v+4.3582;

97 b2=5.429*v−20.312;

98 b3=−7.493*v+30.662;

99 b4=3.007*v−14.273;

100

101

102 elseif (v ≥ 2.9) && (v ≤ 3.0)&&(1.785629982≤p && p≤2.393152588)

103 a1=1.4187*v−5.0571;

104 a2=−7.191*v+26.411;

105 a3=11.834*v−45.351;

106 a4=−6.159*v+ 26.178;

107

108 b1=−1.2665*v+4.7769;

109 b2=6.027*v−23.985;

110 b3=−8.97*v+38.931;

111 b4=3.906*v−19.616;

112

113 elseif (v ≥ 3.1) && (v ≤ 3.2)&&(1.874116055≤p && p≤2.52068241)

114 a1=1.2073*v−4.606;

115 a2=−6.409*v+25.243;

116 a3=11*v−45.349;

117 a4=−5.928*v+27.237;

118

119 b1=−1.1662*v+4.7107;

120 b2=5.796*v−24.789;

121 b3=−8.93*v+41.962;

122 b4=3.946*v−21.928;

123
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124

125 elseif (v ≥ 3.3) && (v ≤ 3.4)&&(2.04026399≤p && p≤2.648888527)

126 a1=1.2193*v−4.9297;

127 a2=−6.94*v+28.953;

128 a3=12.76*v−55.668;

129 a4=−7.38*v+35.5;

130

131 b1=−1.271*v+5.4262;

132 b2=6.787*v−30.625;

133 b3=−11.25*v+55.564;

134 b4=5.38*v−31.26;

135

136

137 elseif (v ≥ 3.5) && (v ≤ 3.6)&&(2.133080856≤p && p≤2.777099761)

138 a1=0.8654*v−3.7104;

139 a2=−5.133*v+22.726;

140 a3=9.82*v−45.536;

141 a4=−5.895*v+30.382;

142

143 b1=−0.9676*v+4.3807;

144 b2=5.378*v−25.769;

145 b3=−9.26*v+48.704;

146 b4=4.56*v−28.434;

147

148

149 elseif (v ≥ 3.7) && (v ≤ 3.8)&&(2.306786125≤p && p≤2.905290807)

150 a1=0.911*v−4.1174;

151 a2=−5.757*v+26.867;

152 a3=11.72*v−57.273;

153 a4=−7.48*v+40.282;

154

155 b1=−1.095*v+5.209;

156 b2=6.505*v−32.697;

157 b3=−11.98*v+65.888;

158 b4=6.34*v−41.151;

159
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160

161 elseif (v ≥ 3.9) && (v ≤ 4.0)&& (2.403633695≤p && p≤3.033446039)

162 a1=0.6699*v−3.19;

163 a2=−4.403*v+21.658;

164 a3=9.31*v−47.998;

165 a4=−6.16*v+35.199;

166

167 b1=−0.8502*v+4.2675;

168 b2=5.238*v−27.824;

169 b3=−9.97*v+58.156;

170 b4=5.4*v−37.535;

171

172 else

173 a1=0;

174 a2=0;

175 a3=0;

176 a4=0;

177

178 b1=0;

179 b2=0;

180 b3=0;

181 b4=0;

182 end

183 f =a1*p^3+a2*p^2+a3*p+a4;

184 d=b1*p^3+b2*p^2+b3*p+b4;

C.2 SRC Polynomial Codes

C.2.1 Initial resonant current polynomial

1 %% Frequency and Duty output with Power and Voltage as Input

2 % a stands for frequncy polynomial coefficients.

3 % b stands for duty polynomial coefficients.
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4

5 function I = fcn(p,v)

6

7 if (v ≥ 0.01) && (v ≤ 0.02)

8 a0=0;

9 a1=1.14e4*v+341.7;

10 a2=−0.03324*v^2−0.01173*v+0.02147;

11

12 elseif(v>0.02) && (v≤0.04)

13 a0=0;

14 a1=1900*v−132.8;

15 a2=−0.03324*v^2−0.01173*v+0.02147;

16

17 elseif(v>0.04) && (v≤0.06)

18 a0=0;

19 a1=759.7*v−83.39;

20 a2=−0.03324*v^2−0.01173*v+0.02147;

21

22

23 elseif(v>0.06) && (v≤0.08)

24 a0=0;

25 a1=411.4*v−61.18;

26 a2=−0.03324*v^2−0.01173*v+0.02147;

27

28 elseif(v>0.08) && (v≤0.10)

29 a0=0;

30 a1=253.5*v−47.96;

31 a2=−0.03324*v^2−0.01173*v+0.02147;

32

33 elseif(v>0.10) && (v≤0.13)

34 a0=0;

35 a1=159.7*v−38.05;

36 a2=−0.03324*v^2−0.01173*v+0.02147;

37 I=a0*p^2+a1*p+a2;

38 I

39
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40 elseif(v>0.13) && (v≤0.16)

41 a0=0;

42 a1=101.7*v−30.29;

43 a2=−0.03324*v^2−0.01173*v+0.02147;

44

45 elseif(v>0.16) && (v≤0.21)

46 a0=0;

47 a1=64.08*v−24.03;

48 a2=−0.03324*v^2−0.01173*v+0.02147;

49

50 elseif(v>0.21) && (v≤0.26)

51 a0=0;

52 a1=41.81*v−19.32;

53 a2=−0.03324*v^2−0.01173*v+0.02147;

54

55 elseif(v>0.26) && (v≤0.37)

56 a0=0;

57 a1=23.18*v−14.35;

58 a2=−0.0397*v+0.0265;

59

60 elseif(v>0.37) && (v≤0.43)

61 a0=0;

62 a1=14.709*v−11.273;

63 a2=−0.0564*v+0.0327;

64

65 elseif(v>0.43) && (v≤0.49)

66 a0=0;

67 a1=11.57*v−9.918;

68 a2=−0.0783*v+0.0423;

69

70 elseif(v>0.49) && (v≤0.57)

71 a0=0;

72 a1=9.4411*v−8.8613;

73 a2=−0.1141*v+0.0604;

74

75 elseif(v>0.57) && (v≤0.64)
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76 a0=0;

77 a1=8.6549*v−8.4204;

78 a2=−0.2*v+0.1097;

79

80 elseif(v>0.64) && (v≤0.68)

81 a0=0;

82 a1=9.97*v−9.2723;

83 a2=−0.439*v+0.2634;

84

85 elseif(v>0.68) && (v≤0.70)

86 a0=1.1558*v−0.0975;

87 a1=−4.22*v−0.4649;

88 a2=1.0095*v+0.0035;

89

90 elseif(v>0.70) && (v≤0.72)

91 a0=0.9623*v+0.0368;

92 a1=9*v−9.754;

93 a2=1.0179*v−0.0027;

94

95 elseif(v>0.72) && (v≤0.80)

96 a0=5.0657*v−0.3146;

97 a1=5.04*v−6.9612;

98 a2=−0.0807*v+0.0728;

99

100 elseif(v>0.81)

101 a0=0;

102 a1=0;

103 a2=0;

104 else

105 a0=0;

106 a1=0;

107 a2=0;

108 end

109 I=a0*p^2+a1*p+a2;
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C.2.2 Frequency polynomial

1 %% Frequency and Duty output with Power and Voltage as Input

2 % a stands for frequncy polynomial coefficients.

3 % b stands for duty polynomial coefficients.

4

5 function T = fcn(i,v)

6

7 if (i ≥ −0.10) && (i ≤ −0.01)

8 a1=−21.46*i^2−6.112*i+0.002965;

9 a2=15.7*i^2+3.935*i−0.001925;

10 a3=−3.9458*i^2−1.054*i+0.0005583;

11 a4=−0.2248*i^2−0.6383*i+0.005342;

12

13 elseif(i ≥ −0.20) && (i < −0.10)

14 a1=−3.894*i^2−3.048*i+0.142;

15 a2=1.848*i^2+1.415*i−0.1215;

16 a3=−0.4576*i^2−0.433*i+0.02936;

17 a4=−0.2248*i^2−0.6383*i+0.005342;

18

19 elseif(i ≥ −0.30) && (i < −0.20)

20 a1=2.182*i^2−0.6247*i+0.3857;

21 a2=−3.098*i^2−0.584*i−0.3179;

22 a3=0.697*i^2+0.02788*i+0.07578;

23 a4=−0.2248*i^2−0.6383*i+0.005342;

24

25 elseif(i ≥ −0.40) && (i < −0.30)

26 a1=7.841*i^2+2.9*i+0.9364;

27 a2=−8*i^2−3.661*i−0.7979;

28 a3=1.936*i^2+0.8039*i+0.1978;

29 a4=−0.2248*i^2−0.6383*i+0.005342;

30

31 elseif(i ≥ −0.48) && (i < −0.40)

32 a1=46.07*i^2+35.04*i+7.696;
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33 a2=−46.86*i^2−36.32*i−7.686;

34 a3=11.98*i^2+9.256*i+1.977;

35 a4=−0.2248*i^2−0.6383*i+0.005342;

36

37 elseif(i ≥ −0.51) && (i < −0.48)

38 a1=−9.7*i−3.424;

39 a2=9.07*i+3.569;

40 a3=−2.32*i−0.8882;

41 a4=−0.2248*i^2−0.6383*i+0.005342;

42

43 elseif(i ≥ −0.54) && (i < −0.51)

44 a1=−10.45*i−4.09;

45 a2=9.655*i+4.154;

46 a3=−2.45*i−1.028;

47 a4=−0.2248*i^2−0.6383*i+0.005342;

48

49 elseif(i≥−0.57) && (i< −0.54)

50 a1=−11*i−4.805;

51 a2=10.26*i+4.783;

52 a3=−2.57*i−1.171;

53 a4=−0.2248*i^2−0.6383*i+0.005342;

54

55 elseif(i≥−0.60) && (i< −0.57)

56 a1=−11.65*i−5.39;

57 a2=10.63*i+5.318;

58 a3=−2.625*i−1.283;

59 a4=−0.2248*i^2−0.6383*i+0.005342;

60

61 elseif(i≥−0.63) && (i< −0.60)

62 a1=−11.75*i−5.79;

63 a2=10.55*i+5.6;

64 a3=−2.575*i−1.335;

65 a4=−0.2248*i^2−0.6383*i+0.005342;

66

67 elseif(i≥−0.66) && (i< −0.63)

68 a1=−11.9*i−6.238;
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69 a2=10.06*i+5.615;

70 a3=−2.43*i−1.323;

71 a4=−0.2248*i^2−0.6383*i+0.005342;

72

73 elseif(i≥−0.69) && (i< −0.66)

74 a1=−10.85*i−5.877;

75 a2=9.425*i+5.505;

76 a3=−2.24*i−1.272;

77 a4=−0.2248*i^2−0.6383*i+0.005342;

78

79 elseif(i≥−0.72) && (i< −0.69)

80 a1=−10.2*i−5.743;

81 a2=8.725*i+5.314;

82 a3=−2.045*i−1.207;

83 a4=−0.2248*i^2−0.6383*i+0.005342;

84

85 elseif(i≥−0.76) && (i< −0.73)

86 a1=−11.81*i−7.237;

87 a2=10.05*i+6.576;

88 a3=−2.327*i−1.482;

89 a4=−0.2248*i^2−0.6383*i+0.005342;

90

91 elseif(i ≥−0.79) && (i < −0.76)

92 a1=−14.8*i−9.931;

93 a2=12.55*i+8.854;

94 a3=−2.87*i−1.983;

95 a4=−0.2248*i^2−0.6383*i+0.005342;

96

97 elseif(i >−0.79) && (v>0.81)

98 a1=0;

99 a2=0;

100 a3=0;

101 a4=0;

102 else

103 a1=0;

104 a2=0;
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105 a3=0;

106 a4=0;

107 end

108 T=a1*v^3+a2*v^2+a3*v+a4;

109 f=1/T;

Table C.1: Illustration of the practical validation of the SRC polynomial model as
indicated in the figure 5-4

p̂ v̂ Î0 T̂ f̂ f[kHz]
Simulated Practical

0.010 0.09394 -0.2214 0.1429 6.998 234.5 234.3
0.015 0.115 -0.2755 0.1739 5.749 192.7 192.76
0.020 0.1328 -0.3163 0.1971 5.074 170.1 170.07
0.025 0.1485 -0.3606 0.2216 4.513 151.3 151.15
0.030 0.1627 -0.3894 0.2376 4.208 141 140.92
0.035 0.1757 -0.4285 0.2583 3.871 129.8 129.74
0.040 0.1879 -0.4616 0.2773 3.601 120.9 120.95
0.045 0.1993 -0.4889 0.2888 3.463 116.1 116.06
0.050 0.21 -0.5094 0.3015 3.317 111.2 111.06
0.055 0.2203 -0.5387 0.3139 3.186 106.8 106.76
0.060 0.2301 -0.565 0.3224 3.102 104 103.99
0.065 0.2395 -0.5882 0.332 3.012 101 100.93
0.070 0.2485 -0.6085 0.3384 2.955 99.05 99.05
0.075 0.2573 -0.6261 0.3483 2.871 96.23 96.23
0.080 0.2657 -0.6393 0.3509 2.85 95.53 95.53
0.085 0.2739 -0.6645 0.3601 2.777 93.09 93.04
0.090 0.2818 -0.6883 0.3718 2.69 90.15 -
0.095 0.2895 -0.7107 0.379 2.639 88.44 -
0.100 0.2971 -0.7317 0.3858 2.592 86 86.87
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Appendix D

FPGA codes for the PRC

polynomial model

Contents

D.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 257

D.2 The Codes Cuadrado block . . . . . . . . . . . . . . . . . . . . . . . . 258

D.3 The Codes Cubo block . . . . . . . . . . . . . . . . . . . . . . . . . . 259

D.4 The Codes Mult2 block . . . . . . . . . . . . . . . . . . . . . . . . . . 262

D.5 The Codes Sumafin block . . . . . . . . . . . . . . . . . . . . . . . . 264

D.6 The Codes Vectorespos block . . . . . . . . . . . . . . . . . . . . . . 265

D.1 Introduction

The Figure 6-12 shows the FPGA complete model. The last is made of various

blocks, namely: Vectores, Motor, Cubic, Cuadrado, Sumafin, and Mult2. Each iif

those blocks holds the control codes as illutrated in various next sections.

257



Chapter D – FPGA codes for the PRC polynomial model

D.2 The Codes Cuadrado block

This section covers the codes for the Codes the Cuadrado block shown of the figure

6-12.

1 library ieee;

2 use ieee.std_logic_1164.all;

3 use IEEE.numeric_std.ALL;

4

5 entity CUADRADO is

6

7 port

8 (

9 −− Input ports

10 clk : in std_logic;

11

12 D1 : in integer range −2147483647 TO 2147483647;

13

14 −− Output ports

15 O1 : out integer range −2147483647 TO 2147483647

16

17 );

18 end CUADRADO;

19

20 −− Library Clause(s) (optional)

21 −− Use Clause(s) (optional)

22

23 architecture SIMPLE of CUADRADO is

24

25 begin

26 process(clk)

27

28 variable D1H: integer range −2147483647 TO 2147483647;

29 variable D1L: integer range −2147483647 TO 2147483647;

30
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31 begin

32 −− vamos calculando los distintos coeficientes por V

33 −− A1 = A11*V+A12

34

35 if (rising_edge(clk)) then

36

37 D1H:= (D1/65536);

38 D1L:= (D1−D1H*65536);

39

40 O1≤((D1H*65536)*D1H+ (D1L*D1H)+(D1H*D1L)+(((D1L/2)*(D1L/2))/16384));

41

42 end if;

43

44 end process;

45

46 end ;

D.3 The Codes Cubo block

This section covers the codes for the Cubo block shown of the figure 6-12.

1 library ieee;

2 use ieee.std_logic_1164.all;

3 use IEEE.numeric_std.ALL;

4

5 entity CUBO is

6

7

8

9 port

10 (

11 −− Input ports

12 clk : in std_logic;

13
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14 D1 : in integer range −2147483647 TO 2147483647;

15

16

17 −− Output ports

18 O1 : out integer range −2147483647 TO 2147483647

19

20

21 );

22 end CUBO;

23

24 −− Library Clause(s) (optional)

25 −− Use Clause(s) (optional)

26

27 architecture SIMPLE of CUBO is

28

29 begin

30

31 process(clk)

32

33

34 variable D1H: integer range −2147483647 TO 2147483647;

35 variable D1L: integer range −2147483647 TO 2147483647;

36 variable INTER: integer range −2147483647 TO 2147483647;

37 variable INTERH: integer range −2147483647 TO 2147483647;

38 variable INTERL: integer range −2147483647 TO 2147483647;

39

40 begin

41

42 −− Calculamos el cuadrado de D1

43 if (rising_edge(clk)) then

44

45 D1H:= (D1/65536);

46 D1L:= (D1−D1H*65536);

47 INTER:=((D1H*65536)*D1H+ ...

(D1L*D1H)+(D1H*D1L)+(((D1L/2)*(D1L/2))/16384));

48 INTERH:=(INTER/65536);
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49 INTERl:=(INTER−INTERH*65536);

50 O1≤((D1H*65536)*INTERH+ ...

(D1L*INTERH)+(D1H*INTERL)+(((D1L/2)*(INTERL/2))/16384));

51

52 end if;

53

54

55 end process;

56

57 end ;
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D.4 The Mult2 block

This section covers the codes for the MULT2 block shown of the figure 6-12.

1 library ieee;

2 use ieee.std_logic_1164.all;

3 use IEEE.numeric_std.ALL;

4

5 entity MULT2 is

6

7 port

8 (

9 −− Input ports

10 clk : in std_logic;

11

12 D1 : in integer range −2147483647 TO 2147483647;

13 D2 : in integer range −2147483647 TO 2147483647;

14

15
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16 −− Output ports

17 O1 : out integer range −2147483647 TO 2147483647

18

19 );

20 end MULT2;

21

22 −− Library Clause(s) (optional)

23 −− Use Clause(s) (optional)

24

25 architecture SIMPLE of MULT2 is

26

27

28 begin

29

30 process(clk)

31

32

33 variable D1H: integer range −2147483647 TO 2147483647;

34 variable D1L: integer range −2147483647 TO 2147483647;

35 variable D2H: integer range −2147483647 TO 2147483647;

36 variable D2L: integer range −2147483647 TO 2147483647;

37

38 begin

39 −− vamos calculando los distintos coeficientes por V

40 −− A1 = A11*V+A12

41

42 if (rising_edge(clk)) then

43

44 D1H:= (D1/65536);

45 D1L:= (D1−D1H*65536);

46 D2H:=(D2/65536);

47 D2L:=(D2−D2H*65536);

48 O1≤((D1H*65536)*D2H+ (D1L*D2H)+(D1H*D2L)+(((D1L/2)*(D2L/2))/16384));

49

50 end if;

51
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52 end process;

53

54 end ;

D.5 The Codes Sumafin block

This section covers the codes for the sumafin block shown of the figure 6-12.

1 library ieee;

2 use ieee.std_logic_1164.all;

3 use IEEE.numeric_std.ALL;

4

5 entity sumafin is

6

7

8

9 port

10 (

11 −− Input ports

12 clk : in std_logic;

13

14 D1 : in integer range −2147483647 TO 2147483647;

15 D2 : in integer range −2147483647 TO 2147483647;

16 D3 : in integer range −2147483647 TO 2147483647;

17 D4 : in integer range −2147483647 TO 2147483647;

18 −− Output ports

19 O1 : out integer range −2147483647 TO 2147483647

20

21

22 );

23 end sumafin;

24

25 −− Library Clause(s) (optional)

26 −− Use Clause(s) (optional)
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27

28 architecture SIMPLE of sumafin is

29

30

31 begin

32

33 process(clk)

34

35 begin

36

37 if (rising_edge(clk)) then

38

39

40 O1≤D1+D2+D3+D4;

41

42 end if;

43

44 end process;

45

46 end ;

D.6 The Codes Vectorespos block

This section covers the codes for the Vectorespos block shown of the figure 6-12.

1 library ieee;

2 use ieee.std_logic_1164.all;

3 use IEEE.numeric_std.ALL;

4

5 entity VECTORESpos is

6

7 port

8 (

9 −− Input ports
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10 clk : in std_logic;

11 volt : in integer;

12

13 A11 : in integer range −2147483647 TO 2147483647;

14 A12 : in integer range −2147483647 TO 2147483647;

15 A21 : in integer range −2147483647 TO 2147483647;

16 A22 : in integer range −2147483647 TO 2147483647;

17 A31 : in integer range −2147483647 TO 2147483647;

18 A32 : in integer range −2147483647 TO 2147483647;

19 A41 : in integer range −2147483647 TO 2147483647;

20 A42 : in integer range −2147483647 TO 2147483647;

21

22 −− Output ports

23 h1 : out integer;

24 h2 : out integer;

25 h3 : out integer;

26 h4 : out integer

27

28

29 );

30 end VECTORESpos;

31

32 −− Library Clause(s) (optional)

33 −− Use Clause(s) (optional)

34

35 architecture first of VECTORESpos is

36

37

38 begin

39

40 process(clk)

41

42 variable A1H: integer range −2147483647 TO 2147483647;

43 variable A1L: integer range −2147483647 TO 2147483647;

44 variable A2H: integer range −2147483647 TO 2147483647;

45 variable A2L: integer range −2147483647 TO 2147483647;
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46 variable A3H: integer range −2147483647 TO 2147483647;

47 variable A3L: integer range −2147483647 TO 2147483647;

48 variable A4H: integer range −2147483647 TO 2147483647;

49 variable A4L: integer range −2147483647 TO 2147483647;

50

51 variable VH: integer;

52 variable VL: integer;

53

54 begin

55 −− vamos calculando los distintos coeficientes por V

56 −− A1 = A11*V+A12

57

58 if (rising_edge(clk)) then

59

60 A1H:= (A11/65536);

61 A1L:= (A11−A1H*65536);

62 VH:=(volt/65536);

63 VL:=(volt−VH*65536);

64 h1≤((A1H*65536)*VH+ (A1L*VH)+(A1H*VL)+(((A1L/2)*(VL/2))/16384))+A12;

65

66 −− A2 = A21*V+A22

67

68 A2H:= (A21/65536);

69 A2L:=(A21−A2H*65536);

70 h2≤(A2H*65536)*VH+(A2L*VH)+(A2H*VL)+(((A2L/2)*(VL/2))/16384)+A22;

71

72 −− A3 = A31*V+A32

73 A3H:= (A31/65536);

74 A3L:= (A31−A3H*65536);

75 h3≤((A3H*65536)*VH+(A3L*VH)+(A3H*VL)+(((A3L/2)*(VL/2))/16384))+A32;

76

77 −− A4 = A41*V+A42

78

79 A4H:= (A41/65536);

80 A4L:= (A41−A4H*65536);

81 h4≤(A4H*65536)*VH+(A4L*VH)+(A4H*VL)+(((A4L/2)*(VL/2))/16384)+A42;
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82

83 end if;

84

85 end process;

86 end ;
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Introduction
Cereals, maize especially, are capital source of carbohy-drates; 

They are one of the major stable crops consumed worldwide. 
Maize is used in various forms for home con-sumptions and 
animal feed. They make a bigger part of the raw material in food 
industries, and major part of export resources for many countries 
around the globe. Due, crops have to be critically controlled 
to meet the international standards. Mycotoxin development 
in many stored cereal grain has constantly affected the grains 
quality; the major source of the contamination for stored grains 
is the fungi: Aspergillus flavus and Aspergillus parasiticus; as 
they produce aflatoxin. The last is a kind of toxin, its levels on 
production was found to do not exceed an acceptable level limit 
of 50ppb stipulated in most export specifications [1]. Aflatoxin 
is mostly affecting maize and peanuts, it is a group of chemicals 
similar toxic fungal metabolites (mycotoxins) not affected by 
heat [2], and is the major source of Aflatoxicoses in humans 
and animals, and liver cancer among humans. It has been more 
prevalent in areas where maize constitutes a major part of the 
diet. Due, the researchers have been focused on identifying 
causal factors and formulating effective preventive and control 
measures against aflatoxin [1]. As it was previously shown, the  

 
aflatoxin is due to the growth of the fungi: Aspergillus flavus 
and Aspergillus parasiticus, as well as the molds. The paper in 
place will discuss the approach to inhibit the growth of the fungi: 
Aspergillus flavus and Aspergillus parasiticus using HEF. Most of 
the investigations into the bactericidal action of electric fields 
have been carried out at radio frequencies. In 1949 BURTON 
reviewed the literature, in which there are accounts both for 
and against the existance of bactrerial effects [3]. The HEF show 
some uncertainty concerning heat-ing effects, but non-thermal 
bactericidal effect occurs if high enough field is applied. The 
electric field generally can be used either Continuous or Pulsed. 
The working range of reported used field up to now is 2-50kV =cm 
[3,4]. The Pulsed electric fields (PEF) is as well a non-thermal 
method of food conservation that uses short pulses of electricity 
for microbial inactivation and causes minimal detrimental effect 
on food quality attributes [4]. The electric field technology mostly 
PEF shows higher improvement on superiority compared to the 
traditional methods using thermal processing; as it shows good 
impact in avoiding or drastically reducing detrimental changes 
in tastes and physical properties of foods. The main objective of 
PEF is to provide high-quality foods to consumers. 
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Abstract

Mostly, electrical related parameters are capitally understood in energy and industrial like sectors; as a major issue specifically to find out 
how the sustainable and safe source of energy can be found. However, this battle is not only ending in finding out how to safeguard the energy 
need, but also touching the agricultural part; where electricity can be one of the tools used for a reliable post-havest handling. The paper in place 
will tackle the approach to use High Electric Field (HEF) to inhibit the growth of crop’s harmful micro-organisms. It will look into the technical 
approach to design the electrical system, as well as its effective way of use to different storage systems. The Molds and aspyragellus will be the 
targeted micro-organism, and the crop of our focus will be Maize (Zea Mais) to avoid increase in aflatoxin.

Abbreviations: HEF: High Electric Field; PEF: Pulsed Electric Fields; ZVS: Zero-voltage Switching 
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The PEF technology presents advantageous in comparison 
to: heat treatments, as it kills mirco-organisms without affecting 
the ariginal color, flavor, texture and nutritional value of the 
unprocessed food [4]. PEF in terms of High voltage is suitable 
to various medium of treatment, as it can be applied to liquids, 
semi-solid and solid foods between to electrified electrodes, 
here for instance there are: microbial inactivation in milk and 
milk products, egg products, juice and several liquid foods. 
This technology seems to be the most promising non-thermal 
method for food microbial inactivation; it is counted in the 
chosen range due to the type of microbes to inactivate. Due, the 
field intensity and the duration of the pulse can be chosen. In 
relation to PEF as a promissing non-thermal technology, several 
technologies were developed, for instance: oscillating magnetic 
fields, high hydrostatic pressure, light pulses, antimicrobials and 
bacteriocins [5].

This paper will illustrate the use of electricity as a remedy 
for post-harvesting, implementing the Electric field as a tool. 
The suitable prototype for the power supply, electric field gen-
eration and control will be tackled. And the general application 
of the whole system will be illustrated.

Electricity and micro-organisms
Electrical stimulation has been used as a modality for many 

years for wound healing. Due, one of the mechanisms proposed 
for why it works is that electrical stimulation is believed to 
be bacteria static [6]. In medicine, most of the cases of wound 
healing are really difficult to manage, for instance the wounds 
due to the diabetes. Several therapies were tried and failed. 
However, many papers point to the use of electrical stimulation 
across wound to accelerate healing. Some papers show wound 
healing with DC micro-current while others show only healing 
with AC currents [6]. Not only in medecine but also in food 
processing, where Electric fields and currents have been shown 
to be capable of desinfecting drinking water and reducing the 
numbers of bacteria and yeast in food. unfortunately, little 
research has been conducted regarding the effectiveness of 
electric fields and currents in the inactivation of viruses. Electric 
fields are themselves harmful to cells. It has been shown that this 
is primarily due to the irreversible permeablization of the cell 
membrane [7].

Fungi make an important group of micro-organisms, 
due to their positive biochemical abilities as starter cultures 
in biotechnology to positively modify food characteristics 
and stability; at the same time play an important role in the 
development of the products with economical importance. On 
the other hand, they contribute strongly on the spoilage of food 
and cause a serious economic issue, therefore the fungi control 
is drastically important. The use of electric field for microbial 
inactivation has received much attention in microbiology; Pulsed 
Electric Field (PEF), as food preservation method, has proved to 
inactivate the spoilage micro-organisms and pathogens [8]. The 
PEF application is based on switching for a short duration on 

HEF to food product, which is placed between the two electrodes. 
The process succeeds only due to status of the cells morphology 
and physiology properties, the fluid medium properties, the type 
and characteristics of the used electric wave-form. From the 
discussions above, the research have touched almost all of the 
corners of microbes, as well as the way they are affected by HEF; 
the same way are the fungi source of aflatoxin.

Principles of electric fields

In order to have a better understanding of the High Electric 
Field, the attempt to review some basic electrostatic principles; 
among them, the Electric Field, is the capital point of the research 
in case. The electric field concept arose in an effort to explain 
action-at-a-distance forces. All charged objects create an electric 
field that extends outward into the space that surrounds it. The 
charge alters that space, causing any other charged object that 
enters the space to be affected by this field. The strength of the 
Electric Field is dependent upon how charged the object creating 
the field is and upon the distance of separation from the charged 
object.

 FE
Q

=
 (1)

From the eq.1, E being the electric field, F being the electro-
static force and Q being the electric charge. The electric field 
is a vector quantity with force and direction for which units 
are Newtons per coulombs or volts per meter; thus defines the 
electric field. When we move one coulomb of charge from one 
point to another in an electric field, we do a work on that charge, 
due the electric potential.

 .b
a b aV V E ds− = ∫  (2)

Volt can be also considered as the amount of work it takes 
to move one coulomb of charge a certain distance through an 
electric field E. This impliedly leads to capacitance; a capacitor 
is considered as two conductors separated by an insulator; the 
following illustrates its clear definition. The capacitance C of a 
capacitor is the ratio of the magnitude of the charge Q on two 
bodies to the potential difference between the bodies [9].

  QC
V

=
 
(3)

With C in Farads, Q in Coulombs, V in Volts, and the energy 
stored in a capacitor is as follow:

2

( )
2

CVW work =   (4)

From the Eq.2, let the distance from a to b be called d and Va, 
Vb = V , the the Eq.2 will become as follow:

.V E d=   (5)
Considering the Eq.5, the applied DC voltage to certain 

parallel plates forms a proportional electric field on a fixed 
distance between the plates. The DC voltage applied here will 
work as a control parameter. It is with that voltage, that the 
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pulsating signal is generated. To insure the right amount of 
electric field applied, the applied voltage has to be consistently 
monitored. Here the accurate design of the high voltage DC 
measuring circuit is implicated. Therefore, the facilitating 
parameter will be the electrostatic force illustrated in Eq.1. 
Considering the equations Eq.4, the energy stored in the formed 
capacitor between the two electrodes is illustrated. The changes 
that can occur in the energy are showed in Eq.6.

21
2

dW v dc FdX= =   (6)

If we consider X to be the spacing between the electrodes or 
plates. Due, the force will be as

 21
2

dcF V
dX

=
 (7)

  AC
X
ε

=
 
(8)

2

dc A
dX X

ε
= −   (9)

From the equations Eq.8 and Eq.9, the force F can be found

2

2

1
2

VF A
X

ε= −   (10)

From the equation Eq.10, the force is proportional to the 
square of the potential difference. Due, the potential difference 
can be monitored through monitoring the force. As the voltage 
from the sending end will be kept varying to identify the suitable 
field, based on the application, its values will be continuously 
monitored through the force measuring. The rest of the work 
will be to find a way of safe and high voltage application, with the 
optimum energy density.

Approach to the Prototype Design
In order to achieve reliable results of the research in place, 

the High Electric Field is needed, this implies High voltage DC. 
The last as far as energy density and safety are concerned, 
the design is needed. An adaptive and flexible voltage source 
is required. To make such flexibility, the source of power will 
have to be controlled. Reminding back here that the control 
parameter the field needs is voltage. Due, the voltage in turn 
has to be controlled and adapted to that high flexibility. The 
maximum energy density is achieved by tremendously reducing 
the equipment size without reducing the power capability. 
The system safety is reached by isolating different steps of 
the equipment. The three requirements above are achieved by 
using resonant converters; as they provide flexibility to work 
at high frquencies, with controllable switching losses and high 
conversion gain.

The resonant converters are made of voltage source (mostly 
DC), controlled inverter, resonant tank, transformer, full-wave 
rectifier, and the load. The resonant tank can be either parallel 
or series, and each of the structures has its own advantages and 

drawbacks [10]. As the resonant tank has dynamic behavior 
based variability of the frequency; the last can even help in 
reducing the components to use in the building the prototype. The 
components of the resonant tank can be found considering the 
parasitics of the transformer. Hence, the total size decreases, and 
energy density increases. The switching losses can be controlled 
in Zero-voltage switching (ZVS) mode of functionality [10]. From 
the Figure 1, the power supply circuit is illustrated; together with 
Ls and Cp the transformer parasitic. The architecture in Figure 1 
fulfill the advantageous configuration discussed in [11,12]. The 
proper modulation for switching of the controlled inverter, the 
range of frequencies to be used and the whole analysis behind 
will be following the discussions in [11]. Hence the controlled 
high voltage DC is generated. The prototype is safe, as the 
power source and the output end are on different grounds, 
the transformer makes a nice isolation. The power density is 
achieved, as longer as the switching frequency is high, the size 
of the components will be smaller at higher voltage. Following 
the Eq.5, the conducting probes will be connected to positive 
and negative terminal respectively, the distance d between this 
made fixed, the required voltage is applied, hence the Electric 
Field, the last is high following the amplitude of the generating 
voltage. From the discussions above, the prototype will be build 
specifically following the fungi: Aspergillus flavus and Aspergillus 
parasiticus condition of growth, in order to be able to destroy it 
in maize crops.

Figure 1: The model of the PRC including all the parasitic 
component of the step up transformer.

Principles of Application
Micro-organisms are inactivated when they are exposed to 

factors that substantially alter their cell structure or physiological 
functionality. Cell functions are altered when the membrane of 
selectivity is disablaed [13]. Membrane structural or functional 
damage is generally accepted as the cause of cell death during 
exposure to High-voltage Electric Field. The best way of exposing 
the micro-organisms to the High-voltage Electric Field depend 
on the application in place. Generally, the flexible electric field 
will be generated, at the required intensity, then it will be aimed 
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to the micro-organisms environment. Here we can state two 
among the possible environment: Static storages and Dynamic 
flow of material (Figure 2).

Figure 2: Attack of Electric field to Cell Membrane.

Static storage exposure
This is the in-process storage where the material can take 

hours kept, and there is high chance of micro biological growth 
and contamination. This environment can be a silo or a bin. 
The material inside will be exposed to a suitable electric field 
intensity. The material in the static state, and exposed to specific 
electric field intensity, then the existing micro-organisms will die 
and no new ones will be able to grow. From the Figure 3, the two 
charged electrodes are place on both sides of the stored material, 
and the field lines will be going through the storage.

Figure 3: Illustrations of the static storage exposure.

Dynamic flow of material
On the other hand, the material can be in movement instead, 

and can get contaminated in that route. This is the case when 
product is under process; in the last, the decontaminants can 
be applied in process line. The points will be chosen in different 
routes, on which the electric field will be applied. From the 
determined using the immune chemical methods (Figure 3) [14]. 
This will help to ascertain the Pulsed Electric Field on the levels 
of aflatoxin in maize grains during storage.

Conclusion
In conclusion, the issues of the aflatoxin due, to the growth 

of the fungi: Aspergillus flavus and Aspergillus parasiticus; which 

is the great attack to the maize harvest and a capital handicap 
of the economy has been discussed. The use of electric Field 
either pulsed or continuous at high intensity was proposed, 
and considered as promising technology, taking into account 
different and possible applications. From different discussions, 
Electric field looks to be the best way to fight aflatoxin. The 
only remaining part is to find a suitable, safe and generic way 
of application, which is the way forward. Figure 4, the treatment 
chamber can be created at the end of each product rout.

Figure 4: The illustration of the Dynamic flow of material.

Effect of PEF on microorganisms
Molds are fungi whose growth is favored by production of 

hyphae responsible for colonizing the grain [15]. To determine 
the effect of PEF on mold growth, the levels of micro-organism 
in maize before application of PEF needs to be determined. The 
mold levels can then be determined after the application of PEF. 
The enumeration of molds can be done following the method 
according to general guidance for enumeration of yeasts and 
molds [16]. Till today no clear mechanism is available to explain 
the inactivation for the exposed biological cells to Pulsed Electric 
Fields. The micro organisms inactivation by PEF is multi-step 
process which may cause cell death through multi-mechanisms, 
the four stages are considered: 

A. Increase in trans membrane potential due to charging 
the cell plasma membrane by external electric field applied. 

B. Pore initiation stage. 

C. Evolution of the pore population during an electric 
treatment and 

D. Post-treatment stage (pore resealing, cell death) [8]. 
Primarily, the effects of PEF on microbial cells depend on 
the pulse amplitude and cell size and including structural 
fatigue due to induced membrane potential and mechanical 
stress [17-19]. The whole duration for this is in the range of 
nanoseconds to milliseconds, on all type of micro-organisms; 
either spherical, spheroidal, ellipsoidal, cylindrical or the cell 
with irregular form. Since the molds are the main producers 
of aflatoxin, the levels of total aflatoxin can be monitored 
before the application of PEF and later.
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Abstract—The parallel resonant converter with an uncon-
trolled end rectifier, with no inductor at the output, has a low-
pass filter for ripple reduction. The ripples in this case has been
a serious challenge and various researches were conducted to
minimize it. However much the ripples are reduced, they have
not been fully removed. Being a drawback, however this paper
will use it in another sense, like an advantage of measuring the
High Voltage DC (HVDC). In this paper, the Parallel Resonant
Converter (PRC) will be discussed, with the HVDC output having
different levels based on variation in switching frequencies and
duties. The measurement of HVDC has been a challenge in
different researches. The proposal of measuring the output DC
voltage through ripples detection will be developed and the
comparative method as an approving method will be proposed.

Index Terms—Duty, High voltage DC (HVDC), Low Pass
Filter, Parallel Resonant Converter(PRC), Ripples, Switching
Frequency.

I. INTRODUCTION

Nowadays, due to the development of power electronics and
computing; different researches that attempt to propose various
options on problems that are being faced when using different
systems are being executed. Different systems, like welding
machines, high-power converters for x-ray generators etc, use
high voltage DC. Mostly the required DC voltage is generated
from low voltage that is boosted through converters. Various
converters used are mostly grouped in DC-DC, AC-DC, DC-
AC and AC-AC. The converters have advantages, disadvan-
tages and different capabilities. In the sense to produce High
Voltage DC (in Range of Kilovoltages) from Low Voltage
DC (in range of Voltages); the parallel resonant converters
(PRC) were preferred in this work. That choice was due to
the fact that: it integrates the transformer parasitics as system
components of the power topology, it reflects the possibility of
Zero-voltage and Zero-current Switching (ZVS and ZCS). In
addition, it has the flexibility in varying the frequency and the
duty for the targeted power transfer, it is flexible in varying
the output voltage; hence, the variation in power transfer, it
has the quality of tracking ZVS and ZCS at each variation of
switching frequency and duty and it covers a wide range of

applications in HVDC equipments. In figure 1, the topology of

Fig. 1. PRC Topology Without Inductor at the output [1].

the PRC with single-capacitor output filter (without inductor
at the output) is illustrated. The mentioned topology itself, it
is of high voltage application. The last means that, the input
voltage will be low voltage DC, that will be converted into
High voltage DC output.
The topology comprises of the controlled inverter, a resonant
tank, a step-up transformer, an uncontrolled rectifier and low
pass filter. The resonant tank, as a major part of this research,
is made of the inductor Ls and the capacitor Cp. Being that
the system in place is suggested to work on high frequencies;
it was thought to be effective if the resonant tank components
are retrieved from the transformer itself instead of additional
components. In analysing the transformer, Ls will be replaced
by the leakage inductance.The present work aims at operating
high voltages, that implies high transformer ratio, due a big
number of turns at the secondary of the transformer.
Having that in place, a secondary capacitor (Cp) (parasitic)
will appear [1]. The resonant tank is already in place; there-
fore, it will require to be managed in order to getting a
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varying HVDC at the output due to the changes in one of the
following parameters: Input voltage, switching frequency and
the switching duty, without compromising the soft switching
(ZVS and ZCS). The rest of the components are of various
purposes. Cs is not part of the resonant tank, and it is just
to filter the DC component of the inverter output. Vcc: is the
input voltage (DC). CF and RL are part of Low pass filter
at the output. CF is a very big capacitor, in the range of ten
time the resonant tank capacitor Cp. Having that approach
in place, It can be re-called here that before we are able
to design the prototype, some of the parameters have to be
pre-set. Before starting the design, the following parameters
will be set in place: the range of input voltages Vinmin

and Vinmax, output voltages Voutmin and Voutmax, output
power Poutmin and Poutmax. The next step is to identify
the leading parameters, being the switching frequency and the
duty; mostly the switching frequency is set to its maximum
required value for ease of calculations. Thus, the maximum
frequency fmax is set together with the duty d = [0 − 0.5],
the variation of both respectively which causes the variation of
the output voltage and power of the whole converter; without
compromising the ZCS and ZVS. From the discussed set
points, the prototype will be designed and simulated using
Matlab, MathCad and Psim.

II. PRC DESIGN AND HVDC OUTPUT GENERATION

The design in case presents some characteristics: a wide
range of variations in the output voltage (in range of Kilovolts)
and output power (in the range of Kilowats) [2]. Normally the
PRC appears to be a good idea to cope with the resonant
net [3]. From the last, the idea described in [1] and [2],
series resonant converter (SRC) are commonly used with
some modification, due to their better characteristics [4]- [5],
although it presents several drawbacks. The SRC itself present
the difficulties in changing its output voltage near no-load
conditions; it does not cope with the transformer parasitic
capacitance, and the output voltage can not be higher than
the input voltage without the transformer [2]. As one of the
solutions, a parallel resonant converter (PRC) topology was
suggested. With Cs and LC filter at the output, it has seemed
to be fulfilling the PRC and SRC described in [6]. From
the comparison, it was concluded that the PRC with DC
component limiting capacitor Cs can combine both the best
behaviour of SRC under short-circuit condition and the PRC
at no-load, due, the capability to operate with a wide ranges
of output voltage and output power [2]. Apart from that, the
output inductor is left aside. Actually the PRC used in low
output voltage applications have the LC output filter. However,
if it goes to high output voltage applications this inductor
becomes too large and too expensive component, comparable
in size with a high voltage transformer [9]. Fortunately, it was
possible to remove it without affecting the performance of the
converter [10], [11] and [12]. Based on this, only the low-pass
filter capacitor will be at the output (Fig.1). The frequency and
duty together were considered as a control parameters [7]- [8].
From the last descriptions, the best variables were illustrated,

for the best of trying the DC output measurements. To be able
to achieve the required output voltage, having in place the
prototype shown in Fig.(1), the adequate switching patterns
are required. Above all, in order to approach the design in
clear way, some points have to be set. These will determine
the designed system limitations, including: minimum and
maximum input and output voltage, output power respectively,
together and maximum set frequency. In addition, having
the set points in place, it implies the identification of the
unknowns, hence the equation to use. The last is elaborated
based on Fig.2 and it relates the set input and output parameter
ranges with the unknown variables. Hence the Eq.1.

fsw = f(Vin, Vout, Pout, d, Ls, Cp) (1)

The last equation (Eq.1) demonstrate the capability of a PRC
to operate in the optimal set ranges, with the changes in
frequencies and duty and maintaining soft switching.

A. Prototype Design approach

In approaching the design, all of the calculations will be in
per unit value (pu), due, the presence of the base values in the
below requirements. Here are the base values:

. Vcc = Vin: Input voltage (Being base voltage)

. fbase =
1

2π
√

LsCp

: Being the base frequency.

. Zbase =
√

Ls

Cp
: Being the base impedence

. Pbase =
V 2
in

Zbase
: Being the base power.

. ωbase =
1√

LsCp
: Being base angular velocity.

Having the ranges of input and output voltages, together with
the ranges of the output power and the maximum frequency;
all of them being the set points. Fig.2 shows that the variation

Fig. 2. Illustration of the variation of the PRC output power based on the
changes in output voltage and the duty.

of the output power depends on the variation of the output
voltage, and is controlled by the changes in duty and switching
frequency, without compromising the ZV S and ZCS. The
last point raises a question: having our set points, what are
the duties and switching frequencies we have to tune to, to
have the right output voltage and power without compromising
ZV S and ZCS? To be able to answer that question, we refer
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to a point where we have maximum power and maximum
voltage and on that particular point we relate the maximum
frequency. In Fig.2, that is point A. The same point corre-
sponds to duty d3, hence it is possible to calculate the resonant
tank components Ls and Cp. Having the last two important
points in place, the next step will be now to try different
required outputs and see at which frequency and duty they
are achieved. Apart from that, the right switching pattern is
necessary to have the right modulation and duty.

B. Modulation techniques of the Inverter IGBTs

To achieve the right duties at right frequencies, we need to
modulate in a way that we achieve the right output. Things
being so, the input inverter has two arms, the first with two
switches T1 and T2 and the second with T3 and T4. The
power electronic switches being the IGBTs, are switched on
driven square wave signals, following the sequence in Fig.4.
It can be noted that the switches S1 to S4 shown in Fig.4
correspond to T1 to T4 in Fig.3 respectively. Considering the

Fig. 3. Illustaration of the switching patterns on PRC to achieve ZVS and
ZCS (as shwon in Fig.8), the required output Voltage and Power.

Fig.3, hence the pattern is illustrated in the period of time
T = t0 + t1 + t2 + t3, as shown in Fig.4. Having all of

Fig. 4. Illustration of the switching in the time period T .

the methods shown in Fig.2 and the pattern described and
illustrated in both Fig.3 and Fig.4, and all applied on the
PRC shown in Fig.1, the high voltage DC at the output of
the PRC shown in Fig.1 is obtained. As shown that voltage
being high enough (in the range of Kilovolts), the next step is
to try methods of measuring it.

III. HVDC MEASUREMENT METHODS

Measuring High Voltage DC, mostly when it is in the range
of KiloVolts, it is still a challenge; both safety of the system
operators and the accuracy of the measurements. Different
researches were conducted on the same case, and tried to show
different outputs, that are being applied to date. However, the
same researches are still ongoing to have a safe and accurate

way of having HVDC measured. That is the reason why this
paper tried to go in the same line, and try some techniques that
can contribute in accurately and safely measuring the HVDC.

A. Previous Techniques Applied

The High voltages DC have been measured in various ways.
Direct measurement of high voltage is possible up to about 200
kV, and several forms of voltmeters have been devised which
can be connected directly across the test circuit. The spark-
over of sphere gaps and other gaps are also used, especially
in calibration of meters in high voltage measurements.

1) Direct Measurement of High Voltage: The direct meth-
ods being researched on, and being applied in various applica-
tion are : Electrostatic voltmeters, Abraham voltmeter, sphare
gaps, resistive potential divider, series resistence method, ca-
pacitive potential devider. All of the lastly described methods,
although being used or researched on to see if they can be
used, present some drawbacks: they are not safe as they share
the common ground with HVDC source, and their accuracy is
not reliable. Having that in mind and as far as the converters
are concerned, this paper will propose a method to measure
HVDC through output current and RC low pass filter.

B. HVDC measurement through ripple detection at the RC
low pass filter.

From Fig.1 illustrating the PRC, the last part described in
Fig.5 shows the uncontrolled rectifier, made of assumed silicon

Fig. 5. Illustration of the HVDC measurement through ripple detection.

diodes of 0.7V each (as indicated in the Fig. 5). The output
of the rectifier is made of the filter capacitor and the load
resistance, both of them forming a time constant τ = RC.
Vout is the output voltage (AC) of the transformer, which is
equivalent to Vp (from the output view point), T , being the
period of the switching signals and of the AC voltage and
current in the resonant tank. Having in place T and τ , then
the ripple percentage r can be calculated.

r =
T
2

RC
(2)
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Considering the Eq.2, and the change of the variation of
the voltage at the capacitor (charging and discharging), the
percentage of ripple r can be calculated as in Eq.3.

r =
(V0 − V0e

− T
2

τ )

V0
= 1− e

T
2
τ ≈ 1− (1− T

2τ
) =

T

2τ
(3)

Eq.3 illustrates the percentage of the ripples in the output DC
voltage, but the same ripple corresponds to a certain voltage,
which can be scaled as indicated in the Eq. 4.

Vr = V0(1− e−
T

2RC ) ≈ (Vp − (2 ∗ 0.7))(1− e−
T

2RC ) (4)

From the Eq.4, Vr will approximately results in Eq.5.

Vr ≈ V0
T

2RC
(5)

Apart from the value of the ripple voltage illustrated by the
Eq.4 and Eq.5, alternatively, the ripple voltage can be given
by Eq.6.

Vr =
V0

R

2fC
=

I0
2fC

(6)

In combining both the Eq.4 and Eq.6 result in the eq.7.

V0 = 2fτVr (7)

Having in place both Eq.6 and Eq.7, and both being directly
proportional, then the high voltage DC (low current DC at
the output) at the output can be measured just by measuring
a small DC current at the output. This will be a solution for
both the HVDC output accurate and safe measurement. The
last is due to the reason that, it does not share the common
ground with the output voltage, and it is a small signal in value.
Therefore, the Eq.7 can be easily written in the microcontroller
and with only one input, the output current Io.

IV. SIMULATION AND RESULTS

The simulations and all of the required calculations were
done using Matlab, MathCad, Psim and Pspice. To be able to
simulate the PRC, the circuit in Fig.1 was used, as a complete
representation of the PRC without inductor at the output. The
purpose was to cover the following points: generating the
variable output voltage, and being able to measure the same
voltage in a safe way, using the ripples and output current
sensing.

For the purpose of simulation, described in the introduction
(I) and in reference to Fig. 2, we have put the following initial
points in place:

. Vinmin = 100V

. Vinmax = 200V

. Voutmin = 200V

. Voutmax = 300V

. Poutmin = 500W

. Poutmax = 1000W

. fmax = 100kHz

The output voltage was made slightly lower in order to prove
the capacity of the PRC to step up the voltage without
transformer, so we ignored the transformer ratio. Following

the Fig.2, the point A (of maximum voltage and maximum
power), corresponds to the maximum frequency fmax. Hence,
it is possible to calculate the resonant tank components and the
duty required to achieve the output power, without compro-
mising ZVS and ZCS. The calculation done in MathCad, gave
the following resonant tank components: Ls = 2.759 ∗ 10−5
H and Cp = 8.375 ∗ 10−8 F, at the duty d = 0.3, with ZVS
and ZCS.
The proposed measuring method for HVDC is illustrated in

Fig. 6. Illustration of the complete circuit diagram in PSIM as is in Fig.1.

the Fig.7. The model in Fig.6 was run using the previously

Fig. 7. The method to measure HVDC in PSIM.

shown parameters, to prove the correctness of the switching
patterns and the ZVS and ZCS. From the Fig.8, we can

Fig. 8. The illustration of ZVS and ZCS at a frquency of 103.5 kHz and
d=0.3.

conclude that, due to uncertainties in ideal calculations, to
achieve the targeted power and voltage at the output, the small
tune on the frequency is required. This is the reason why we
have the switching frequency at 103.5kHz. The mentioned

���
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uncertainties are due to the ideal calculations that may end up
missing some small points. Fig.8 illustrates as well the soft-
switching and avoid losses during the commutation processes,
and unnecessary heating of the power electronic switches. The
voltage and current shown, are fed to the resonant tank, that
will manage it, to deliver the required voltage and power to
the output.

Based on the parameters given, the output DC voltage
should be around 300V , keeping the transformer ratio at unit
value.

Fig. 9. The measured voltage meets the expected value (300V ).

To prove the capacity of the parallel resonant tank to step
up the voltage without having a transformer ratio; the Fig.9,
illustrates that idea clearly. As from the Fig.8, the voltage was
100V and in Fig.9, the voltage goes up to 300V . The PRC,
as it was said, accepts a wide range of voltage at the output.

The Fig.9 shows the measured value using the proposed
method. In comparing the measured voltage using the pro-

Fig. 10. Illustration of the relationship between the measured and real voltage
the output.

posed method, as shown in Fig.9, and the real output voltage
measured using the PSIM probes; we can have from the
Fig.10 that both have the linear relationship, and they are
the same at the same points. Things being so, then it is a
right confirmation of the similarity of the two values. The
proposed method track at each point the values of the output
voltage. The method described so far, seems to have promising
results and many advantages. As illustrated before, it shows
the accuracy, converts the ripples (being a drawback before) in
a measuring solution. It is a small and simple method as it just
uses the system components (the low-pass filter components).

It is safer compared to methods described in III(A.1). It is a
flexible method as well, as it uses uses only one input from
the system (current), and the same input being small in value.
As only the current will be measured, then the method will not
be sharing the same ground with the measured voltage value,
therefore, it is safer. However, it is still a point of challenge to
measure from the output. Even if it is clearly illustrated being
on accuracy or safety point of view enough, it always much
better to measure these types of high voltages from the safest
possible sides. For this reason, the next step of this research
is to measure the HVDC from the lower part of the system
in Fig.1. This means investigating the formula that interprets
the Fig.2 in another way around, and having it with the output
voltage being a function of all.

Vout = f(Vin, d, Iprc, fsw, Ls, Cp, Pout) (8)

From the Eq.8, the PRC components, based on the principles
of use of the transformer parasitics, will be re-calculated.
Hence, the same graph like Fig.2 will be drawn for extended
calculation references. From this second approach, the objec-
tive will be to have a method of indirectly measuring the output
HVDC; this implies measuring from the resonant tank itself.
Later, the final equation (equivalent to Eq.7) will be elaborated.
The last will be easier to be written in the microcontroller.
Hence, it will be more flexible and more safer.

V. CONCLUSIONS

The parallel resonant converter without inductor at the
output demonstrated advantages, as it can allow power transfer
from input to output at a wide range of voltage use. It helps
in stepping up the voltage levels from input to output with
unit transformer ratio. It gives a great opportunity of using
transformer parasitics as system components. It helps as well
in managing the power transfer from input to output by varying
the switching frequency and duty. In additional and being the
major purpose of this paper, the use of the output low pass
filter ripples as the source of output HVDC measurement. The
work in place described all of the discussed and designed
points. The method of determining the HVDC at the output, by
measuring the parameters of the resonant tank was proposed,
and it is the next to be implemented.
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Abstract—The use of green energy has triggered researchers’
attention; hence its utilization in transportation and the invention
of electric vehicles(EV). They can both be load and storage system
to the grid. Therefore, the integration of EVs to the grid has a
capital role in grid energy management. This work proposes the
grid with EV charging stations which can allow simultaneous
multiple charging and bi-directionality. The charging of the
vehicles from the grid (Grid-to-Vehicle (G2V)) and the vehicle
sending power back to the grid (Vehicle-to-Grid (V2G)) are
shown in this work. The behavior of the grid, responding to
random charging and discharging of the vehicles, is illustrated.
The bi-directional AC-DC converter together with DC-DC off-
board charger and the related controls are shown in this work.
The complete topology is simulated in Matlab-Simulink and the
results are presented in this work.

Index Terms—Bi-directionality, Electric Bicycle (EB), Elec-
tric Moto-bicycle (EMB), Electric Vehicle (EV), Grid-to-Vehicle
(G2V),Vehicle-to-Grid (V2G), Vehicle-to-Load(V2L) and Vehicle-
to-Vehicle(V2V).

I. INTRODUCTION

The use of electric Vehicles (EV) has become a solution,

not only as a green transport but also an energy storage system

buffering the grid power [1]–[10]. Hence, they play a capital

role in integration of intermittent renewable energy sources

and grid energy management. The EVs are mostly used in

personal transports. Hence, they are parked more than 20

hours each day [1]. They are the idle asset that can potentially

support to store excess power(G2V) and send it back to the

grid in peak hours (V2G). The EVs have been commonly

known in western countries, with new grid technologies and

flexibilities. However, recently the same EVs embarked the

rest of the world, where the grid capabilities are still lacking

alot. In some countries, the power grid can be adapted to

charge the EVs, but they have not yet attained the level to

accommodate the power from the EVs. The bi-directional

flow of power is not yet in use, which might be the next

Special Thanks to Africa Improved Foods and Kigali Collaborative Re-
search Center for supporting this work.

development step to target for. Apart from the EVs, the electric

bicycles (EB) and motor-bicycles (EMB) are also in use in the

bigger part of the world. The use of EVs, EBs and EMBs

represent dynamically increasing and complex load on the

power grid. This work aims to show the behaviors of the grid

having EV charging stations with bi-directional capabilities in

presence of EBs and EMBs.

II. POWER GRID STRUCTURE OVERVIEW

Fig. 1. Illustration of the grid incorporating EV chargers with G2V and V2G
feasibility.

The EV, EB or EMB chargers are mostly installed in cities,

where in most countries, the Medium voltage transmission grid

are 15 kV [11]. The last is converted to low voltage of 0.4kV

for distribution through a transformer. The figure 1 presents

the 15 kV medium voltage grid. It supplies the DC bus through

a bi-directional AC-DC converter. The wind turbine and PV

panel supply the same DC bus of 653.2V. In turn, the DC bus

supplies the 40kW off-board chargers for the EV charging

and discharging and a 26.7 kW DC load. The DC load stands

for other DC loads like EBs and EMBs. The 40kW and 100A

off-board charger is chosen among the commercially available
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and mostly used charging stations. The indicated off-board

chargers are all above level 2 in the levels defined by the

Society of Automotive Engineers [1], [7]. They are Electric

Vehicle Supply Equipments (EVSE) and categorized as level 3,

as they can fast-charge (rated current of 100 A max) [7]. This

work considers the grid in figure 1, however the PV panel and

wind turbine will be left out. Hence, the study will focus on the

grid behavior facing the power flow from/to EVs without PV

panel and wind turbine support. Before elaborating in details

the behaviors of the grid, this work will first talk about the bi-

directional flow of energy, the controls involved and charging

and discharging of the EV batteries. Simulink will be used as

a tool to simulate and achieve the required results.

III. SIMULINK MODELS AND SIMULATIONS

Considering the figure 1 from which the figure 2 is retrieved;

It illustrates the grid supplying the EV chargers through a DC

link. The figure 2 consists of a bi-directional AC-DC grid

connected converter, DC link and one off-board charger from

the figure 1.

A. Grid Connected Converter

It is a three phase bi-directional AC-DC and controlled

converter made of IGBTs. The converter is connected to the

grid through an RL choke of 1µΩ and 500µH respectively.

The choke stands for a filter to reduce harmonics. The same

choke, also known as rectifier choke is reflected as Linv in

figure 2. The grid voltage is 400Vrms phase-to-phase, at the

grid frequency of 50Hz . In Simulink, the grid is mimicked

into a three-phase voltage source of the indicated voltage

and frequency respectively. It presents the source resistance

RSource and source inductance LSource as 100mΩ and 40µH

respectively.

Fig. 2. Bi-directional grid connected converter

The AC-DC converter connected to the grid provides a

suitable level of DC link voltage. The appropriate capacitance

size is chosen for ripple suppression at optimal level. The

expected DC link voltage is retrieved from the grid voltage

through the equation 1.

Vdc =
2
√
2√
3
VLLrms (1)

With VLLrms being the phase-to-phase rms grid voltage. The

DC link voltage control is capital to make the DC link stable.

The decoupled dq0 control method is applied. It is a cascaded

control that consists of outer voltage and inner current loop.

The grid voltage and current are captured through voltage and

current sensors respectively. On the last, the abc to αβ0, abc

to dq0 or αβ0 to dq0 are performed. The phase locked loop

(PLL) is applied to determine the satisfactory synchronous

angle ωt. The d-axis outer loop controls the DC bus voltage,

while the inner loop controls the active AC current [7]. In

case of bi-directional applications, the changes in DC bus

voltage are influenced by positive or negative current due to

power flow direction. The q-axis outer loop adjusts AC voltage

magnitude by regulating the reactive current through the q-axis

inner loop control. The decoupling term ωL and the feed-

forward voltage signal are added for transient performance

improvements. The fore-discussed transformations and PLL

Fig. 3. Illustration of transformation and PLL

are presented in the figure 3. While the control to stabilize the

DC link is shown in figure4.
The DC voltage level of 653.2 V with the rated 432 kW

rated power are targeted.

B. Off-board battery chargers configuration

The battery charging configuration consists of bi-directional

buck and boost converter, that works as buck in G2V and

as boost in V2G mode respectively. The battery charging or

discharging is made in two modes: Constant Current (CC) and

Constant Voltage (CV). Setting up the modes and charging

current strongly depends on the State-of-Charge (SOC) of

the battery (EV battery). In some practical cases, CC and

CV get separated at SOC of 80%, hence the open-circuit

battery voltage at 80% SOC plays a cut-off role for charging

voltage. Similarly, the nominal discharge current plays cut-off

on charging current side.
1) G2V or Charging Mode: The battery in charging mode

(G2V) consists of negative current(charging current) at the cut-

off level(CC). The charging current starts decreasing toward

zero once the charging voltage reaches the cut-off value

(CV). The charging current reaches zero once the SOC is

approximately 100%. In G2V mode, the off-board charger will

be operating as a buck converter. It provides the right level of

charging voltage, lower than the DC link voltage. Considering

the off-board charger shown in figure 5 in buck mode, the

upper switch (Sbuck) is operated together with the lower switch

anti-parallel diode. The off-board charger duty ratio is D and

the charging voltage is given by the equation 2.

Vbat = Vdc ∗D (2)

The duty ratio D is in the range of 0.0-1.0, hence the voltage

at the battery Vbat will be lower than the DC link voltage Vdc
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Fig. 4. DC link voltage control

Fig. 5. Bi-directional off-board charger

by the ratio D. Therefore, the last statement illustrates the

buck converter functionalities.

2) V2G or discharging Mode: When the EV battery has to

send the power back to the grid, or to a certain load (part of the

grid); the booster is necessary. The battery voltage is on lower

level, it needs to be boosted to a voltage level of the DC link.

During the V2G, the battery current is positive(discharging

current), the battery voltage is constant(CV) till the current

reaches the cut-off (CC). Hence, the voltage starts decreasing.

The SOC in this case decreases as well. The battery voltage

will keep decreasing till the SOC reaches zero, the battery

current will drop to zero and the discharging is completed.

Considering the figure 5 in the boost mode, the lower switch

(Sboost) and the upper-switch ant-parallel diode are operated.

The DC link capacitor is enough to stabilize the DC link on

the required voltage. And the booster mode is illustrated in

equation 3.

Vdc =
Vbat

1−D1

(3)

Where D1 is the duty of the boost mode in the figure 5.

Fig. 6. EV charging or discharging selection and control

C. Simulink Model

The model mimicking the figure 1 was built in simulink.

The simulink model considers the figure 1 starting from the

AC bus and excluding wind turbine and PV panel contribution.

Bearing in mind the mentioned part, will help to assess

the behavior of the grid during the random charging and

discharging of the EVs. Therefore, the model is made of 0.4

kV voltage source, a 480 kVA AC-DC converter, 653.2 V

DC link, 5 off-board chargers of 40 kW each, a 26.7 kW

resistive load (for EBs and EMBs) and 5 EVs of 400 V

dc and 100 A max battery each. Each off-board charger is

connected to the DC link which capacitor is 5mF. The off-

board charger inductor, referred to as Lbatt in figure 5 is of

5.76mH and the battery capacitor of 5.6 nF.The lithium-Iron

battery model from Simulink is used as EV battery. The off-

board chargers are connected in parallel to the DC link and 5

EVs are connected to the chargers. The Evs are named EV0

up to EV5, with the respective SOC as in the table I. Initially

TABLE I
ILLUSTRATION OF THE EVS SOC AND STATES

EV SOC Sequence Mode 1 Mode 2

EV0 15% 5 V2G -
EV1 20% 4 V2G G2V
EV2 30% 3 V2G G2V
EV3 40% 2 V2G G2V
EV4 60% 1 V2G G2V
Load - 6 Off -

all of the EVs are in V2G mode (discharging to the grid), and
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the DC load is disconnected. The last process is indicated in

table I as Mode 1. As indicated in the same table, the sequence

of switching are shown to change from Mode 1 to Mode 2 of

presented EVs. However, in Mode 2, the DC load and EV0

were left out as they don’t change the mode i.e there are not

any EB or EMB charging and EV0 continues discharging. The

rest of EVs switch to G2V (charging from the grid) in Mode 2.

The switching algorithm and sequence from Mode 1 to Mode

2 and vice-versa, together with the charging and discharging

controls are illustrated in the figure 6 and in table I. The off-

board charger cut-off voltage is 433V DC, while the cut-off

current is ±100A.

D. Simulations and Results

The simulation was run in Simulink for 2.5 seconds, with

focus on: battery charging and discharging modes (CC and

CV), DC-link voltage control and the control of Id and Iq-axis

current, V2G and G2V as well as the complete power profile of

the grid to show the grid behavior. The figure 7 demonstrates

Fig. 7. Illustration of CC and CV in both Mode1 and Mode2

the CC and CV modes of battery charging and discharging.

The EV2 is shown in both Mode 1 and 2, illustrates the fact

that charging current is constant before the voltage reaches

the cut-off, after cut-off voltage is constant and current starts

decreasing and Vice-versa.

Fig. 8. Battery voltage in both Mode 1 and Mode 2

While the figure 8 and figure 9 display the behavior of

different battery in both Mode 1 and 2, respective to their

Mode change sequence. In charging of the EV batteries, the

voltage increases and the current is negative. In discharging,

the voltage decreases and current is positive. In the same

figures, the charging and discharging controls are indicated

and they respond appropriately. The stabilization of the DC

Fig. 9. Battery Current controls in Mode 1 and Mode 2

link was mentioned in this work. It was achieved through the

cascaded control in which the inner loop controls the Id-axis

current, while the outer loop regulated the DC link voltage.

The figure 10 shows the results of both indicated controls

and the tracking is as expected. The grid voltage and current

Fig. 10. Vdc link and Id-axis current controls

are presented in figure 11. During the G2V mode, current

and voltage are in phase. And they are 180◦ out-of-phase in

V2G. There isn’t power supply from the grid when the supply

from some EVs in V2G can fulfill the demand of the EVs in

G2V and the DC load(charging the EBs and EMBs). In this

case the power from the grid is zero and Vehicle-to-Vehicle

(V2V) or Vehicle-to-Load (V2L) as new modes of operation

are produced. The complete active power profile is illustrated

in figure 12. The negative active power from 0 to 1.2 seconds

shows the V2G mode i.e the EVs feed the power back to the

grid and supply the DC load. The zero active power ( from
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Fig. 11. Grid voltage Va and Grid current Ia

1.2 to 1.7 seconds) means that the power from some EVs (in

V2G) is enough to sustain the rest of the EVs (in G2V) and

the DC load. Hence there is neither demand from the grid nor

the power back to the grid. From 1.7 to 2.5 sec, the grid active

power is positive. It indicates that the power from some EVs

(in V2G) is not enough to sustain the demand from the rest

of the EVs (in G2V) and the load. The grid intervention is

necessary and it illustrates the G2V mode together with some

auxiliary modes: V2V, V2L and G2L.

Fig. 12. Grid Active Power Profile

The reactive power injection, regulation and compensation

during the AC-DC conversion and vice-versa as well as the

effect power and load imbalance are not involved in this study.

The further study is being done and these issues will be

published in future works.

IV. CONCLUSIONS

The model of electric grid behavior in the presence of ran-

dom charging and discharging of EVs was shown in this work.

The bi-directional operation feasibility was demonstrated. EVs

battery charging and discharging controls were illustrated. The

behavior of the grid in terms of active power contribution

and reception was shown in this work. The complete topology

built in Simulink illustrated that the G2V, V2G and possible

auxiliary modes (V2V, V2L, G2L) are feasible.
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Abstract: Due to their exceptional performance in coping with large variations in output voltage
and current, parallel resonant converters (PRC) are commonly used in high-voltage applications.
The incorporation of step-up transformer parasitic components as part of a power topology, on the
right duty and a suitable switching frequency, determines the high efficiency and wide variety of
applications with PRC. Switching losses are reduced in the same topology by tracking and running on
the optimum mode for each power and voltage by a set frequency and duty. The PRC’s static model
behaviors, under optimum operating circumstances, are illustrated. The equivalent polynomial model
is used to quickly compute the switching frequency and duty cycle required to achieve the converter’s
desired output voltage and power. The polynomial model is simple and easy to implement in any
form of a digital signal controller (DSC). Normalized parameters are used to widen the operational
range and generalize the model. This also offers the essential protection against current and voltage
spikes. The work in progress depicts the specific procedures involved in developing a polynomial
model. The normalized equations provide a graphical description of the static model, from which the
graphical representation of the polynomial are derived. Hence, polynomial equations are obtained.
This paper describes the PRC static model, how to convert it to a polynomial model, how to validate
it with MATLAB-Simulink, how to program F28335 using Simulink, and how to use it in practice.

Keywords: Code Composer Studio; duty; embedded coder; MATLAB; parallel resonant converter
(PRC); polynomial model; Simulink; static model; switching frequency

1. Introduction

At present, in modern technologies, high voltage is applied in various domains; high
voltage levels (tens of KV) are required in a wide range of applications: medical, industrial,
environmental, measurement, etc. [1–3]. Due to high efficiency and power density, the
use of resonant converters has drastically increased in multiple applications [4–7]. Various
power conversion systems have been suggested for decades, as ways of supplying high
voltages [8–12]. PRC and PRC-LCC are the most common topologies in high-voltage
applications, since, with the inclusion of a high-voltage transformer, they implicate the
parasitics as part of the resonant tank [13]. By applying the phase-shifted PWM, it is easier
to operate the converter shown in Figure 1 in optimum mode [14], as illustrated in Figure 2.
As is well known, in order to operate the converter [14–16], 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 variable, 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 [15–19]. The last is a complex process; it
renders the implementation more sophisticated. Hence, any algorithm computing it in any

Electronics 2022, 11, 1085. https://doi.org/10.3390/electronics11071085 https://www.mdpi.com/journal/electronics
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type of DSC is of capital interest. This paper proposes a polynomial model to avoid the
static model’s complexity. It was first suggested in [15] on a PRC-LCC topology. In [15], a
complete model of a parallel resonant converter LCC has been exposed, based on a model
that is based on a harmonic approach; the equations and the model used actually are not an
approach, and one parameter (frequency) is expressed as a polynomial. In this work, the
normalized model is obtained; then, the polynomial equations (frequency and duty cycle)
are obtained, and finally, all the steps needed to upload to a digital signal controller are
obtained as well. This results in an easy, small, and quick program to implement in the DSC.
This work considers the static model of the PRC in Figure 1 as detailed in [14], and limits
itself to the optimum mode of operation to elaborate the equivalent polynomial model.

Figure 1. Parallel resonant converter [14].

Figure 2. Output of inverter in Figure 1 in terms of voltage and current in optimum mode of operation.

From Figure 1, the Ls and Cp reactive elements are included in the transformer parasitic
elements; these parasitics are crucial in high-voltage applications [14–17]. For the ease of
application and on a wide range, the normalized parameters are used. Hence, Equations (1)
and (2) illustrate the respective base and normalized parameters for the indicated PRC, in
which f̂ , v̂, Ω̂, and p̂ are the normalized frequency, normalized output voltage, normalized
load, and normalized power, respectively.

VBase = VCC ZBase =
√

LS
CP

PBase =
V2

CC
ZBase

fBase =
1

2·π√Ls ·CP
ωBase =

1√
LS ·CP

(1)

Based on Equation (1), the normalized parameters are illustrated as follows:
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v̂ =
Vout

VCC
p̂ =

Pout

PBase
Ω̂ =

RL
ZBase

f̂ =
f

fBase
(2)

Figure 2 shows the targeted output of the inverter, where the optimum mode operation
is observed.

Figure 3 indicates the complete process for developing a polynomial model and its
respective DSC control codes from the static model of the PRC. The last includes the
static model, its transformation to a polynomial model, control code generation to DSC,
and control wave forms generation for the power converter. The mentioned process is
illustrated below:

• First, the static model is developed in MathCad and its graphical representations are
subsequently illustrated [14]. To extend the operational span and for ease of analysis,
the normalized parameters are used. However, this model is complex in that it renders
the implementation sophisticated;

• Second, the polynomial model is suggested [15]. It is an alternative to simplify
the model and ease the implementation mostly in DSC. The polynomial model is
developed by tuning the static model’s graphical representation in such away to
generate the polynomic form through the numerical data-fitting method. The last
gives the equivalent polynomic expression in graphic representation form;

• Third, the polynomial model is processed in MATLAB-Simulink to produce the pro-
gram used for simulation and validation. The simulation is run for the validation of
the polynomial model and to confirm the accuracy of the control codes’ output;

• Fourth, the DSC is configured to Simulink and the control codes are generated. They
make the control program that fits in a DCS and give the adequate control waveforms
to fire the power converter switches (IGBTs);

• Finally, the experimental results are used to confirm the polynomial model’s practica-
bility and implementation feasibilities.

Figure 3. Illustration of the various stages of the project.
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2. Grapical Representation of PRC Static Model

The static model normalized equations are detailed in [14]. In those equations, the
normalized output voltage v̂ is expressed as a function of the normalized frequency f̂
in presence of a variable duty cycle d. Meanwhile, the normalized output power p̂ is
illustrated as a function of the normalized output voltage in presence of a variable duty
cycle d.

v̂ = F( f̂ , d) and p̂ = F(v̂, d) (3)

Equation (3) is represented graphically in Figure 4 to illustrate its behaviors. Fig-
ure 4a,b shows 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
Figure 4c illustrates the normalized power as a function of normalized output voltage in
presence of the respective duty values. The mentioned graphs highlight the process of
establishing the necessary duty and switching frequency for achieving the targeted output
voltage and power. It is a long and complex process that groups the implementation mostly
onto low-cost DSCs. Recalling that the target is to determine an appropriate duty and
switching frequency for every given output voltage and power, Equation (3) is modified to
produce an appropriate normalized frequency and duty for each level of output normalized
voltage and normalized power, as shown in Equation (4). For simplification of the task, the
static model graphical representation is made in such a way to easily generate the duty and
switching frequency once the power and output voltage are provided.

Figure 4. Graphical illustration of Equation (3); where (a) and (b) show the normalized output voltage
vs normalized frequency for the duty d = 0.4 and d = 0.3 respectively. While (c) show the normalize
power vs normalized output voltage.

The ideal power switches are used on the topology in Figure 1 to extract the graphs
illustrated in Figure 4. This assumption does not significantly affect the final results. How-
ever, more complex models will be easily integrated in future work [20–22], in such a way
to obtain more accuracy and efficiency. The static model’s graphical representation in
Figure 4a–c are rectified in a way to give the values of the duty and switching frequency at
any set value of output voltage and power. Hence, the new form of graphical representation
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is illustrated in Figure 5. In the last, the switching frequency and duty are functions of
output voltage and power.

Figure 5. Graphical illustration where: (a) shows normalized Frequency vs normalized power,
(b) shows duty vs normalized power. In presence of various level of normalized output voltage.

Figure 5a indicates the normalized frequency as a function of the normalized output
power, in presence of the normalized output voltage. Hence, the normalized frequency
is a function of both the normalized output voltage and normalized output power. In
Figure 5b, 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 the normalized output voltage
and the normalized power. Figure 5 can be expressed using Equation (4).

f̂ = F(v̂, p̂) and d = F(v̂, p̂) (4)

Taking Figure 5 into account, the power reaches its maximum at each level of voltage,
with a specific frequency or duty, and then begins to fall. Figure 6 depicts the power as
a function of the frequency and duty cycle. The power at point A has the same value as
the power at point B. Point B, on the other hand, comes after the maximum power point
Pmax. Similarly, the value of the power at point C is the same as the value of the power at
point D. After the maximum power point Pmax, point D is attained. The power beyond
the maximum level Pmax is ignored by the design in place for power maximization at each
frequency, duty, and voltage level. Assuming that Equation (4) is made of two polynomials
for switching frequency and duty, respectively, the next step is to find their respective
coefficients. This process will result in a set of polynomials of the nth order. The last have
to be simple and make the control philosophy to run the control topology in Figure 1 on
the DSC and in the optimum mode of operation.
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Figure 6. Illustration of normalized frequency vs. normalized power and duty vs. normalized power
in presence of normalized voltage with the related behaviors. A and B show the point of same power
on a value of frequency, while C and D show the point of same power on a value duty.

3. Polynomial Model of Parallel Resonant Converter

Having concurred with the assumption that Equation (4) is made of two polynomials,
the next step is to find the adequate coefficients for each polynomial. In this case, numerical
data fitting is applied on Figure 7a,d to retrieve the suitable coefficients for the polynomials.
Recalling that, at each level of voltage, the power beyond the maximum is ignored, Figure 7
is a portion of Figure 5 at the normalized output voltage v̂ = 1.1 and v̂ = 1.7, respectively.

Figure 7. Data-fitting application on frequency and duty in presence of v̂ = 1.1 and v̂ = 1.7. (a,b)
show data fitting for frequency and duty at v̂ = 1.1, while (c,d) show data fitting for frequency and
duty at v̂ = 1.7.

The data-fitting method is applied to each specific voltage level plot for both frequency
and duty, as illustrated in Figure 7, to obtain the equivalent polynomic expression. Various
fittings were tried, including each fitting above the cubic over-fitted and each fitting
below the cubic under-fitted. Therefore the accurate fitting was realized at the cubic level.
This process resulted in the coefficients shown in Tables 1 and 2 for frequency and duty,
respectively.

Tables 1 and 2 illustrate the fittings from different frequencies and duties, at various
levels of voltage and power. The coefficient ai is for frequency, while bi is for duty. Hence,
Equation (4) results in Equations (5) and (6) in polynomic form:

f̂ (v̂, p̂) = a0 p̂3 + a1 p̂2 + a2 p̂ + a3 (5)
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for frequency, and:
d(v̂, p̂) = b0 p̂3 + b1 p̂2 + b2 p̂ + b3 (6)

for duty.
The coefficients ai and bi in Tables 1 and 2, respectively, are functions of the output

voltage v̂ and polynomials as well. They are in the form illustrated in Equation (7). There-
fore, their respective coefficients are computed in turn. The data in Tables 1 and 2 are
graphically represented and data fitting is applied, as shown in Figure 8a.

ai = F(v̂) and bi = F(v̂) (7)

However, data fitting results in big outliers once applied to coefficients ai and bi, as
in Figure 8a, which were immediately ignored. Therefore, an alternative was to apply B-
spline [23–26]. The last is part of numerical analysis, which is mostly applied in curve-fitting
and numerical differentiations of data. By applying B-spline to data in Tables 1 and 2, the
coefficients for polynomials ai and bi are retrieved. The obtained coefficients are piece-wise
linear at each output voltage level, as shown in Figure 8b.

Table 1. The table illustrates various coefficients of different fittings on frequency plots, at specific
levels of voltage. ai: coefficients for frequency fitting.

v̂ a0 a1 a2 a3

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 4.486 −11.689 11.175
4.0 −0.51036 4.0457 −10.758 10.559

Table 2. The table illustrates various coefficients of different fittings on duty plots, at specific levels of
voltage. bi: coefficients for duty fitting.

v̂ b0 b1 b2 b3

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 1.1575 −8.6289 21.562 −17.693
3.8 1.048 −7.9784 20.364 −17.059
3.9 0.95176 −7.3958 19.273 −16.475
4.0 0.86674 −6.872 18.276 −15.935
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Figure 8. Illustration of a0 plotting, data fitting and B-spline application; where (a) shows data fitting
while (b) shows its equivalent B-spline representation.

The application of B-spline results in the linear expressions displayed in Equation (8).
Tables 3 and 4 give the detailed coefficients obtained through B-spline application from
data in Tables 1 and 2, respectively, for Equation (8).

Table 3. This table shows the specific coeffiecients retrieved from the coefficients in Table 1 after B-spline.

v̂ a0 a1 a2 a3

α0 λ0 α1 λ1 α2 λ2 α3 λ3

1.0–1.2 −6.4400 6.4193 18.3190 −18.2870 −16.5360 15.9240 5.3490 −4.1342
1.3–1.5 −1.5900 0.7310 7.2865 −5.5462 −9.5360 8.1538 4.2220 −3.0346
1.6–1.8 −0.6750 −0.2770 5.6585 −4.4915 −10.4860 11.3930 5.8700 −6.3060
1.9–2.0 −1.0950 0.5737 8.3280 −9.8350 −16.5230 23.2470 10.0220 −14.3620
2.1–2.2 2.4240 −6.4033 −9.1850 24.9940 11.4450 −32.4880 −4.4950 14.6110
2.3–2.4 −0.3650 −0.3347 3.7960 −3.1700 −9.1530 12.1060 6.5700 −9.3089
2.5–2.6 −1.3930 2.4775 10.2110 −20.4600 −22.7860 48.3120 16.1910 −34.5450
2.7–2.8 1.5088 −5.0318 −7.1010 24.4050 10.8790 −39.0250 −5.2610 21.150
2.9–3.0 1.4187 −5.0571 −7.1910 26.4110 11.8340 −45.3510 −6.1590 26.1780
3.1–3.2 1.2073 −4.6060 −6.4090 25.2430 11.0000 −45.3490 −5.9280 27.2370
3.3–3.4 1.2193 −4.9297 −6.9400 28.9530 12.7600 −55.6680 −7.3800 35.5000
3.5–3.6 0.8654 −3.7104 −5.1330 22.7260 9.8200 −45.5360 −5.8950 30.3820
3.7–3.8 0.9110 −4.1174 −5.7570 26.8670 11.7200 −57.2730 −7.4800 40.2820
3.9–4.0 0.6699 −3.1900 −4.4030 21.6580 9.3100 −47.9980 −6.1600 35.1990

Table 4. This table shows the specific coeffiecients retrieved from the coefficients in Table 2 after B-spline.

v̂ b0 b1 b2 b3

β0 φ0 β1 φ1 β2 φ2 β3 φ3

1.0–1.2 2.5863 −2.5879 −7.3565 7.3709 6.8951 −6.7233 −2.1570 2.2782
1.3–1.5 1.4197 −1.2530 −5.5730 5.5074 6.9235 −7.1266 −2.8196 3.2310
1.6–1.8 1.0212 −0.8488 −5.6690 6.4327 9.2140 −11.6320 −4.7130 6.5631
1.9–2.0 1.4800 −1.7409 −8.8670 12.5890 15.9650 −24.5400 −9.0870 14.8890
2.1–2.2 −1.4155 4.0245 4.9870 −15.0450 −5.5260 18.3800 1.7760 −6.8231
2.3–2.4 0.9160 −1.0600 −6.2970 9.5256 13.0150 −21.9590 −8.5190 15.5710
2.5–2.6 1.8546 −3.6424 −12.6150 26.5220 27.0250 −58.9940 −18.6480 42.0000
2.7–2.8 −1.2309 4.3582 5.4290 −20.3120 −7.4930 30.6620 3.0070 −14.2730
2.9–3.0 −1.2665 4.7769 6.0270 −23.9850 −8.970 38.9310 3.9060 −19.6160
3.1–3.2 −1.1662 4.7107 5.7960 −24.7890 −8.9300 41.9620 3.9460 −21.9280
3.3–3.4 −1.2710 5.4262 6.7870 −30.6250 −11.2500 55.5640 5.3800 −31.2600
3.5–3.6 −0.9676 4.3807 5.3780 −25.7690 −9.2600 48.7040 4.5600 −28.4340
3.7–3.8 −1.0950 5.2090 6.5050 −32.6970 −11.9800 65.8880 6.3400 −41.1510
3.9–4.0 −0.8502 4.2675 5.2380 −27.8240 −9.9700 58.1560 5.4000 −37.5350
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Equation (7) results in two capital polynomial coefficients, for frequency and duty,
respectively, as follows:

ai(v̂) = αi v̂ + λi and bi(v̂) = βi v̂ + φi (8)

Equations (5) and (6) provide the frequency and duty that are able to run the topology
on Figure 1 in its optimum mode at a specified level of voltage, power, and load. Combining
Equations (5), (6) and (8), the general Equation (9) for frequency and duty, respectively, is
obtained. They can fit in any DSC and generate the suitable control signals.

f̂ (v̂i, p̂j) =
i=n

∑
i=0

ai p̂n−i
j and d(v̂i, p̂j) =

i=n

∑
i=0

bi p̂n−i
j (9)

4. Model Building and Simulations

In order to validate the polynomials shown in Equation (9). The model in Figure 1
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 Equation (9). Each level of output voltage and
power corresponds not only to frequency and duty but also to the load. Hence, the load is
dynamic in this case, and governed by Equation (10), which is a polynomial in turn. The
control model was built in MATLAB-Simulink as well. It is made of a MATLAB function
block to hold Equation (9). This block accepts two inputs (normalized output voltage and
normalized power) and generates two outputs (normalized frequency and duty). The
two last outputs are used to obtain the required period and phase shift that run the PWM
generator. The last, in turn, generates the switching signals that run the IGBTs on the model
in Figure 1. The control model is illustrated in both Figures 9 and 10. Both the power and
control model are run in MATLAB-Simulink for validation of the polynomials before going
for practical implementation.

Ω̂ = F(v̂i, p̂j) (10)

Practically, the load is not always variable; it is fixed in most cases. Therefore, the
simulation will be conducted in two ways: two-inputs model simulation and one-input
model simulation.

4.1. Two-Inputs Model Simulations

The normalized voltage and normalized power are the capital. They change the
independent variables to the polynomials in Equation (9). Hence, they are the two in-
puts for the model in Figure 9. They are fed to the polynomials’ block. The last holds
Equation (9); 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
an equivalent period and it is fed to PWM generator for PWM signal generation. The duty
is used to calculate the shifting time; this is fed to the phase shift block and helps generate
the phase-shifted PWM signals.

Figure 9. Illustration of Simulink model with normalized voltage and normalized power as inputs.
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Ω̂ =
v̂2

p̂
(11)

The normalized load at each level of voltage and power is given by Equation (11). The
simulation component values used in the simulation are from the prototype components’
values. They are indicated in Table 5.

Equations (5) and (6) were simulated in Simulink. The parameters in Table 5 were
used. The input voltage is Vin = 100 V, while the normalized value of the output voltage is
v̂ = 2.5. Then, the expected value of the output voltage is Vout = 250 V. If the normalized
power p̂ = 1.83177461 is considered, then the required frequency and duty are obtained by
applying Equations (5) and (6) to the model in Figure 3. The frequency f̂ = 0.9086 and the
duty d = 0.3566 were obtained and applied in the Simulink model. The load value is given
by Equation (11) and the value by Ω̂ = 3.412. The results of the simulation are shown in
Figure 10. In this case, the optimum mode is fulfilled along the domain of the functions in
Equation (9).

Table 5. The parameters used to simulate the model in Figure 9 with dynamic load.

Item Value Unit

Vin 100 V
Ls 34.232 uH
Cp 658.7 nF
C f 30 uF

ZBase 7.209 Ω
fBase 33.527 kHz

Figure 10. The voltage and current output of the converter with normalized output voltage and
normalized power as inputs.

4.2. 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 components fit the model description in Section 4.1 Figure 11.
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Figure 11. One-input Simulink control model.

Therefore, having the load as a fixed parameter and the power as an input, the
corresponding voltage is given by Equation (12).

v̂ =
√

p̂ ∗ Ω̂ (12)

The simulation parameters are given in Table 5.
The power and the load are p̂ = 0.7819 and Ω̂ = 1.387, respectively; hence, the

voltage is v̂ = 1.0414. In this case, the frequency and duty are f̂ = 0.76827 and d = 0.2625,
respectively. Figure 12 displays the simulation results. In case of a fixed load, the optimum
mode is fulfilled at a fixed range of voltage. Hence, Ω̂ = 1.387 runs from v̂ = 1.00664 to
v̂ = 1.441706.

Figure 12. Inverter voltage, current, and power at fixed load

5. DSC Configuration

Due to the aforementioned operations, the indicated controls cannot be easily im-
plemented. The DCS is key, as it is has the computational capability; this work will take
advantage of a Texas Instrument (TI) DSC. The last is a TMS320F28335 Peripheral Explorer
Kit with high-performance static CMOS technology, a high-performance 32-bit CPU, fast in-
turrupt response processing, on-chip memory, and many more advantages [27]. The shifted
pulse-width modulation (PWM) switching signals were generated on a TMS320F28335
Peripheral Explorer Kit using MATLAB-Simulink. In fact, the TMS320F28335 is a Texas
Instrument micro-controller, programmed through a Code Composer Studio development
environment (CCS). CCS supports C or C++ language. Even if they are common to most
control engineers, the mentioned languages are time-consuming and prone 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
algorithm is completed 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-
Simulink. MATLAB-Simulink, with some necessary add-ons such as “Embedded Coder”,
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“Simulink Coder”, and “MATLAB Coder”, together with CCS, have to be installed on the
PC. In this case, MATLAB R2021a, with the mentioned add-ons, 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 generated and downloaded
to a TMS320F28335 Peripheral Explorer Kit. The codes for backup or any other analysis are
retrieved in project form through CCS. Equation (9) is programmed in the F28335 using a
MATLAB function block; they are quick and fast-response polynomials. In the same coding
is included the protection of the system, in case of mistakes when entering values.

Figure 13 mentions the model-based program to generate PWM for control purposes.
The Hex-Encoder on the F28335 serves as the 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 a lookup table.
Taking into consideration the fixed load, Equation (12) gives the voltage. Both voltage and
power are fed to polynomial block. The last hosts the Equation (9)-related codes. They
generate, in turn, the corresponding frequency and duty. The frequency is converted to
the corresponding period according to Equation (13). 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
a 50% duty cycle for each switching 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 frequencies with the necessary duty shifting are
generated. The ePMW1A and ePWM1B output the switching signal for the first leg, while
ePWM2A and ePWM2B give the shifted switching signal for the second leg.

T =
fclk

2 ∗ fsw
(13)

From Equation (13), T is the period, fclk is the F28335 maximum clock frequency, and
fsw is the switching frequency.

Figure 13. PWM generation model in Simulink.

6. Experimental Prototype

The topology shown in Figure 1 was used to build the prototype for practical experi-
mentations, with the target of obtaining the model illustrated in Figure 14 and to practically
prove the polynomial model. It is a topology made of a personal computer for programming
purposes. The F28335 micro-controller is used for hosting the control program and to generate
the corresponding switching signals, S∗1, S∗2, S∗3, and S∗4. The drivers are connected to
the output of the controller and strengthen the switching signals to a suitable level of S1,
S2, S3, or S4 for firing the IGBTs. The embedded IGBTs are used and provide an adequate
commutation for the proper output of the prototype. The IGBTs form a converter and link
the input voltage to the resonant tank. The last is made of leakage inductance and parallel
capacitance connected in parallel. Both these components can be part of the power transformer
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as parasitics. The diode rectifier and the filter capacitor output the DC voltage with proper
smoothness. Figure 14 presents the steps and components of the prototype.

Figure 14. Illustration of the complete model of the practical implementation.

6.1. Driver

The drivers are signal-strengthening circuits. They are fed from the F28335 micro-
controller. They give the level necessary to switch the IGBTs to the switching signals. They
replicate into four similar drivers: one driver for each signal, as presented in Figure 15.
Each driver is made of an HCPL-3120 opto-coupler to electrically decouple the references of
input and output signals. The THL10-2423W is a DC–DC power converter that receives 9 V
to 36 V and outputs −15 V to +15 V. The complete driver receives a switching signal of 0
to 3.3 V and outputs −15 V to +15 V. Figure 15 shows the driver board. The F4-150R12KS4
is the embedded circuit made of two legs of IGBTs. It is small, compact, and mounted on
the driver board, which makes the complete topology small in size.

Figure 15. Illustration of the driver model.

The prototype can have different behaviors based on the components of the resonant
tank. Two scenarios are tested in this work. The first scenario is the low-voltage prototype,
where the resonant tank is made of an independent capacitor and inductor without a power
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transformer. This is the low-voltage case. The second option considers the resonant tank
with an independent inductor together with the power transformer and its parasitics. This
is a high-voltage case.

6.2. Low-Voltage Test

The prototype was made up of an F28335 TI micro-controller for shifted PWM signals,
a driver to strengthen the PWM signals to a required switching level, an F4-150R12KS4-
embedded IGBT converter, a resonant tank of Ls = 34.232 µH and Cp = 658.7 nF, an
uncontrolled rectifier, a filter capacitor of 30 µF, and a 10 Ω load.

The prototype was tested on a fixed load of 10 Ω by applying Equation (12) on the
program model in Figure 13. The power values in Table 6 were applied.

Table 6 shows the data retrieved on the prototype in Figure 16. The same prototype
was run v̂ = 1.00664–1.441706 and p̂ = 0.730587–1.498569. The resonant frequency of the
prototype was fr = 33.517 kHz. The behavior of the prototype at the fixed load is illustrated
in Figure 17. As the output voltage increased, the power transfer increased as well. Hence,
the switching frequency goes further below resonance, while the duty increases drastically.

Figure 18 shows the behaviors of the prototype in Figure 16 in optimum mode. It was
obtained through running the topology in Figure 16 in optimum mode and on the following
data: power: p̂ = 0.781915; normalized load: Ω̂ = 1.387. Hence, the voltage becomes
v̂ = 1.0414. At the input voltage Vin = 39.6 V, the output voltage becomes Vout = 41.24.
Therefore, the obtained frequency and duty are f̂ = 0.76826685 ≈ f = 25.75 kHz and
d = 0.2625, respectively.

Table 6. This table shows different operating points in the design operating window of the prototype
in Figure 16 with a load of 10 Ω ≈ Ω̂ = 1.387.

v̂ p̂ f̂ d

1.00664 0.730587 0.780201 0.2535
1.041401 0.781915 0.768267 0.2625
1.074677 0.832682 0.757526 0.2716
1.120123 0.904597 0.74589 0.2842
1.150194 0.953819 0.74052 0.2925
1.172152 0.990585 0.737835 0.2985
1.30065 1.219677 0.695766 0.3417
1.316569 1.249714 0.685622 0.3488
1.332491 1.280124 0.673986 0.3567
1.348824 1.311699 0.661157 0.3656
1.359014 1.331593 0.652206 0.3716
1.372422 1.357997 0.639675 0.3801
1.389738 1.392481 0.621476 0.3924
1.403329 1.419851 0.605663 0.4032
1.412658 1.438791 0.593729 0.4112
1.441706 1.498569 0.550467 0.4404

Figure 16. Illustration of the low-voltage prototype.
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Figure 17. Illustration of normalized frequency and duty at a fixed load of Ω̂ = 1.387, corresponding
to 10 Ω.

Figure 18. Illustration of the prototype output.

6.3. High-Voltage Test

The high-voltage prototype was built as illustrated in Figure 19. It uses the same com-
ponents as the low-voltage prototype, with the exception of the high-voltage transformer;
this was added for a higher transformation ratio. The inductor LS = 110.34 µH (with
22.4 µH of transformer leakage inductance) and the parasitic capacitor CP = 43 nF, the load
is 57.575 Ω, the resonant frequency of fr = 73.067 kHz, Zbase = 50.6561 Ω, and n = 400/14
is the transformer turn ratio. Transformer oil was used to insulate the transformer and the
load for safe runs under high-voltage outputs. The maximum output voltage reached was
4 kV. Figure 19 shows the high-voltage transformer and the load immersed in transformer
oil for high-voltage insulation.

The prototype in Figure 19 was run at a fixed normalized load of Ω̂ = 1.1366. The
model-based program illustrated in Figure 13 runs on various power levels, in a range
between p̂ = 0.882826 and p̂ = 1.498569. Figure 20 shows the output of the high-voltage
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test, where the input voltage is Vin = 94, the input current Iin = 1 A, the normalized power
p̂ = 0.882826, the normalized frequency f̂ = 0.6862, the duty d = 0.283, and the output
voltage Vout = 2 kV. The optimum mode is realized.

Figure 19. Illustration of the high-voltage prototype.

Figure 20. Illustration of converter output at 2 kV output voltage.

7. Conclusions

Parallel resonant converters (PRCs) have acquired popularity and applications in a
variety of fields due to their excellent performance. PRCs have been advantageous for years
as a result of the utilization of transformer parasitics. They are not, however, challenge-
preserved. The intricacy of the models, as well as the challenges of implementing them
in small micro-controllers, are among the drawbacks. The goal is to simplify the model
such that it may be implemented in a small digital signal controller. This work illustrates
the static model graphic representation of PRC. The same model was decomplexed by
developing a polynomial model. The last is achieved by applying data-fitting and B-spline
methods to static model graphs. Two polynomials were obtained and provide a suitable
frequency and duty at any level of output voltage and power. They run the prototype in
the optimum mode on F28335 micro-controller. The model was simulated in Simulink and
practically tested on both low and high voltages; the results in both cases are shown in
this work. The general polynomials were formed, and the corresponding control program
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was developed in a model-based manner, using Simulink. The program fits and runs on
the F28335 without any problem, and the control waveforms are generated as expected.
The same technique illustrated in this paper will be used in further processes, such as
implementing the model in FPGA, creating closed-loop fuzzy control, and implementing
alternative control strategies, such as constant power control.
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