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RESUMEN (en espafiol)

Los diodos emisores de luz (Light-Emitting Diodes, LEDs) se estan convirtiendo en la
fuente de luz preferida en nuestras casas, oficinas o calles, debido a su fiabilidad, su
larga vida util, su alto rendimiento luminico y su bajo coste de mantenimiento. Sin
embargo, estos sigues siendo diodos, permitiendo que la corriente sélo circule en un
unico sentido. Lo cual es de suma importancia ya que existe una relacion directa entre la
luz emitida y la corriente que atraviesa al LED, haciendo que la conexion directa a una
red de distrbucion de corriente alterna no sea adecuada debido al fenémeno del
parpadeo o flicker en la literatura anglosajona, que no solo es molesto para los seres
humanos, sino que a la larga puede causar perjuicios en su salud. Es por ello necesario
el uso de una interfaz entre la red y los LEDs de manera que se controle que la corriente
que circula a través de ellos sea constante, para asi obtener una alta calidad luminica.
Este elemento o interfaz se conoce como controlador de LEDs o driver de LEDs en su
terminologia anglosajona.

Un driver de LEDs no deja de ser un convertidor de potencia que alimenta una carga
singular y que ademas no es lineal, lo cual hace que tenga que cumplir una cierta
normativa y satisfacer las necesidades de su carga. Por norma general, un equipo
electronico como es un driver de LEDs conectado a la red, necesita cumplir la
normativa de inyeccién de harmonicos de baja frecuencia definida por el estandar IEC
61000-3-2, que establece unos limites extremadamente estrictos para todo equipo de
iluminacién de méas de 25 W, no siendo asi para aquellos de menor potencia. En este
sentido, la normativa especifica qué a efectos practicos, la corriente que demande el
driver ca-cc de LEDs sea sinusoidal y en fase con su tension de entrada, lo cual se
consigue de forma tradicional mediante el uso de convertidores que alcancen una
correccion del factor de potencia (Power Factor Correction, PFC) activa, siendo
capaces a su vez de propiciar un comportamiento de resistencia libre de pérdidas (Loss
Free Resistor, LFR) a su entrada. Este comportamiento se consigue en un gran nimero
de topologias mediante un control adecuado. De hecho, en el caso particular de los
convertidores ca-cc monofasicos uno de los sistemas mas utilizados tradicionalmente se
basa en un convertidor elevador con PFC seguido de un convertidor cc-cc aislado
galvanicamente, donde el primer convertidor se encarga de obtener el comportamiento
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como LFR mientras que el segundo se encarga de controlar la corriente en los LEDs,
mejorar el comportamiento dindmico frente a cambios que se produzcan en la carga y de
eliminar el condensador electrolitico presente en los convertidores ca-cc para desacoplar
la ca de la entrada de la cc a la salida, asegurando que se cumple la normativa de flicker
definida en la practica 1 del estandar del IEEE 1789-2015. Este estandar propuesto de
forma reciente asegura que el controlador de LEDs garantice una buena calidad
luminica, mediante la limitacidn del contenido de baja frecuencia tipico de las redes de
ca en la luz emitida.

La eliminacién del condensador electrolitico es de suma importancia, debido a que uno
de los requisitos que un driver de LEDs debe cumplir es tener una vida Gtil comparable
a la de los LEDs, siendo este elemento es el mas limitante para conseguirlo. De hecho,
el programa ENERGY STAR®, que define una serie de normas para el driver ca-cc de
LED, considera que este debe tener un minimo tiempo de vida util para otorgarle su
sello. Por lo tanto, es comprensible que durante los Ultimos afios la literatura
desarrollada alrededor de los drivers ca-cc de LED se centre en la eliminacion de este
elemento mediante el uso de topologias como las cuasi-Unicas etapas. Aun asi, esto no
es siempre factible cuando el coste del driver ca-cc de LEDs, y no su fiabilidad, es la
especificacion de mayor importancia para su disefio, necesitando por tanto un driver
ca-cc de LEDs simple y de una Unica etapa.

El objetivo de la presente tesis es la investigacion de diferentes drivers ca-cc de LED
para la alimentacion de cargas LED (de mas de 25 W), en instalaciones comerciales e
industriales, para redes monofésicas y trifasicas de corriente alterna, en un rango de
potencias que abarque desde las decenas de vatios a unos pocos kilovatios, garantizando
también el cumplimiento de la normativa necesaria y con el objetivo de mejorar las
soluciones propuestas con anterioridad en la literatura. Teniendo en cuenta que los LED
estan tendiendo a desplazar a los sistemas de iluminacién tradicionales en todos los
ambitos, entonces también lo haran con los focos de alta potencia que necesitaran
drivers ca-cc de la misma potencia. En ese sentido, y considerando que la mayor parte
de instalaciones para las que se propone instalar este tipo de focos tienen disponible el
conexionado a la red trifasica, se abre asi la posibilidad de usar controladores LED
trifasicos. Aqui es importante puntualizar, que el objetivo no es renovar la instalacion
eléctrica en el entorno domestico sino utilizar la red trifasica alli donde sea posible.

El estudio realizado en la presente tesis se divide en cinco capitulos proponiendo
soluciones de drivers ca-cc de LEDs en redes ca. Por ese motivo, y con el objetivo de
sentar las bases para el resto de capitulos, el primero de ellos se encarga de resumir los
conceptos mas basicos en el ambito del control de iluminacion con LEDs, queriendo
contestar dos cuestiones: ‘por qué van a reemplazar a las luminarias tradicionales’ y
‘como se deben controlar’. Ademas, se ha realizado un estudio en profundidad que se
encarga de especificar las normativas mas importantes y de resumir el estado del arte de
drivers ca-cc de LED en redes ca. Este ultimo se encarga de clasificar los drivers ca-cc
de LED en diferentes categorias en funcién del numero de etapas y del tipo de red (ya
sea monofasica o trifasica), analizando las ventajas y desventajas de aquellas topologias
gue se consideren mas prometedoras.
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RESUMEN (en Inglés)

Light-Emitting Diodes (LEDs) are increasingly becoming our main source of artificial
light in our homes, offices or streets due to their reliability, long life, luminous efficacy
and low maintenance requirements. However, LEDs are diodes, which means that the
current is able to go through them in only one direction. This fact is of utter importance
because of the direct relationship between the light outputted by the LED and the
current across it, making an impossibility the direct connection to an ac power grid
without incurring into the flicker phenomenon which is not only annoying but harmful
for human beings. Thus, an interface is required between the ac power grid and the
LEDs in order to drive the LEDs with a constant current that ensures a good quality
light output. This interface is normally referred as ac-dc LED driver.

An ac-dc LED driver is but a power converter that feeds a very unique and non-linear
load, and as such it needs to meet several requirements in accordance to the regulations
and the needs of the LEDs. Then, as any equipment connected to the ac power grid it
needs to comply with the harmonic injection regulation, IEC 61000-3-2, which in this
particular case sets extremely strict limits for ac-dc LED drivers of more than 25 W,
being much laxer for those of lower power. In that respect, the regulations demands for
the input current of the ac-dc LED driver to be sinusoidal and in phase with the input
voltage. This performance is traditionally achieved in Power Factor Correction (PFC)
with active solutions whose behaviour at the input is equivalent to a resistance,
normally referred as Loss Free Resistor (LFR). Achievement that is feasible by several
topologies by means of operating them adequately with the proper control methodology.
In fact, for single-phase ac-dc converters, this is conventionally achieved by means of a
PFC boost converter, normally followed by a cascaded isolated dc-dc converter. The
first converter achieves the desired LFR performance while the second controls the
current through the LEDs, improves the dynamic response to load changes, could
provide galvanic isolation and could remove the electrolytic capacitor while keeping a
flicker free performance that should be ensured by meeting the requirements set by
Practice 1 of the IEEE Std. 1789-2015. The newly proposed flicker standard ensures the
achievement of good light quality, setting the rules for how much ripple is allowed in
the output instantaneous luminance and thus for the current ripple across the LEDs.

The removal of the electrolytic capacitor is extremely important as one of the
requirements for ac-dc LED drivers is having a lifetime comparable to that of the LEDs,
being this element the most limiting one in order to achieve this feat. In fact, the
ENERGY STAR® program, which is a renowned set of rules for ac-dc LED drivers,
considers the minimum lifetime of the LED driver as one of the requisites to give its
seal of approval. Therefore, it can be understood why the current literature has put so
much effort on the study of electrolytic capacitor-less ac-dc LED drivers, which is
normally achieved by means of ac-dc quasi-single-stages. Nonetheless, this is not
always possible when the cost of the LED driver and not its reliability, is the most
limiting factor to be considered in the design, hence requiring the use of a simpler
single-stage ac-dc LED driver.

The present dissertation investigates different solutions to drive LED luminaires, which
are LED loads of more than 25 W, in commercial and industrial installations for both
single-phase and three-phase ac power grids in the range of decades of watts to a few
kilowatts, while complying with all of the aforementioned regulations and with the aim
of improving the performance of the current state-of-the-art solutions. As a matter of
fact, LEDs are prone to take over traditional lighting technologies in every environment,
thus replacing high power spotlights that would require high power ac-dc LED drivers.
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In that respect, and considering that in most installations in which this high power
spotlights are required the three-phase grid is also available, it opens the possibility of
using specific three-phase ac-dc LED drivers. It should be noted, it is not the aim of this
dissertation to rewire household environments with three-phase power grids, but to use
those that are readily available.

The study carried out in this dissertation is organized into five different chapters
discussing the driving of LEDs on ac power grids. For that matter, and in order to lay
the foundations for the rest of the chapters, the first one summarizes the most basic
concepts around LED driving aiming to answer two basic questions, which are: ‘why
are LEDs more prone to be used in spite of traditional lighting technologies’ and ‘how
are LEDs supposed to be driven’. In addition a thorough analysis has been carried out
regarding the different rules set by the regulations for ac-dc LED drivers and the state-
of-the-art solutions to drive LED from ac power grids. The latter classifies the ac-dc
LED drivers under several categories in accordance to the amount of power stages and
the kind of power grid they are meant to be used on (i.e., single-phase or three-phase)
while discussing at the same time the advantages and disadvantages of the most
promising topologies.
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It is a well-known established fact throughout the many-dimensional worlds of the
multiverse that most really great discoveries are owed to one brief moment of inspiration.
There's a lot of spadework first, of course, but what clinches the whole thing is the sight
of, say, a falling apple or a boiling kettle or the water slipping over the edge of the bath.
Something goes click inside the observer's head and then everything falls into place. The
shape of DNA, it is popularly said, owes its discovery to the chance sight of a spiral
staircase when the scientist’s mind was just at the right receptive temperature. Had he
used the elevator, the whole science of genetics might have been a good deal different.

This is thought of as somehow wonderful. It isn't. It is tragic. Little particles of
inspiration sleet through the universe all the time traveling through the densest matter in
the same way that a neutrino passes through a candyfloss haystack, and most of them
miss. Even worse, most of the ones that hit the exact cerebral target, hit the wrong one.

For example, the weird dream about a lead doughnut on a mile-high gantry, which in
the right mind would have been the catalyst for the invention of repressed-gravitational
electricity generation (a cheap and inexhaustible and totally non-polluting form of power
which the world in question had been seeking for centuries, and for the lack of which it
was plunged into a terrible and pointless war) was in fact had by a small and bewildered
duck.

By another stroke of bad luck, the sight of a herd of wild horses galloping through a
field of wild hyacinths would have led a struggling composer to write the famous Flying
God Suite, bringing succor and balm to the souls of millions, had he not been at home in
bed with shingles. The inspiration thereby fell to a nearby frog, who was not in much of
a position to make a startling contributing to the field of tone poetry.

Many civilizations have recognized this shocking waste and tried various methods to
prevent it, most of them involving enjoyable but illegal attempts to tune the mind into the
right wavelength by the use of exotic herbage or yeast products. It never works properly.

— Terry Pratchett, Sourcery






Resumen

Los diodos emisores de luz (Light-Emitting Diodes, LEDs) se estan convirtiendo en
la fuente de luz preferida en nuestras casas, oficinas o calles, debido a su fiabilidad, su
larga vida qtil, su alto rendimiento luminico y su bajo coste de mantenimiento. Sin
embargo, estos sigues siendo diodos, permitiendo que la corriente solo circule en un unico
sentido. Lo cual es de suma importancia ya que existe una relacion directa entre la luz
emitida y la corriente que atraviesa al LED, haciendo que la conexion directa a una red
de distrbucion de corriente alterna no sea adecuada debido al fenomeno del parpadeo o
flicker en la literatura anglosajona, que no s6lo es molesto para los seres humanos, sino
que a la larga puede causar perjuicios en su salud. Es por ello necesario el uso de una
interfaz entre la red y los LEDs de manera que se controle que la corriente que circula a
través de ellos sea constante, para asi obtener una alta calidad luminica. Este elemento o
interfaz se conoce como controlador de LEDs o driver de LEDs en su terminologia
anglosajona.

Un driver de LEDs no deja de ser un convertidor de potencia que alimenta una carga
singular y que ademas no es lineal, lo cual hace que tenga que cumplir una cierta
normativa y satisfacer las necesidades de su carga. Por norma general, un equipo
electronico como es un driver de LEDs conectado a la red, necesita cumplir la normativa
de inyeccion de harmoénicos de baja frecuencia definida por el estandar IEC 61000-3-2,
que establece unos limites extremadamente estrictos para todo equipo de iluminacion de
mas de 25 W, no siendo asi para aquellos de menor potencia. En este sentido, la normativa
especifica qué a efectos practicos, la corriente que demande el driver ca-cc de LEDs sea
sinusoidal y en fase con su tension de entrada, lo cual se consigue de forma tradicional
mediante el uso de convertidores que alcancen una correccion del factor de potencia
(Power Factor Correction, PFC) activa, siendo capaces a su vez de propiciar un
comportamiento de resistencia libre de pérdidas (Loss Free Resistor, LFR) a su entrada.
Este comportamiento se consigue en un gran niimero de topologias mediante un control
adecuado. De hecho, en el caso particular de los convertidores ca-cc monofésicos uno de
los sistemas mads utilizados tradicionalmente se basa en un convertidor elevador con PFC
seguido de un convertidor cc-cc aislado galvanicamente, donde el primer convertidor se
encarga de obtener el comportamiento como LFR mientras que el segundo se encarga de
controlar la corriente en los LEDs, mejorar el comportamiento dinamico frente a cambios
que se produzcan en la carga y de eliminar el condensador electrolitico presente en los
convertidores ca-cc para desacoplar la ca de la entrada de la cc a la salida, asegurando
que se cumple la normativa de flicker definida en la practica 1 del estandar del IEEE
1789-2015. Este estandar propuesto de forma reciente asegura que el controlador de LEDs
garantice una buena calidad luminica, mediante la limitacion del contenido de baja
frecuencia tipico de las redes de ca en la luz emitida.

La eliminacion del condensador electrolitico es de suma importancia, debido a que
uno de los requisitos que un driver de LEDs debe cumplir es tener una vida util
comparable a la de los LEDs, siendo este elemento es el mas limitante para conseguirlo.
De hecho, el programa ENERGY STAR®, que define una serie de normas para el driver
ca-cc de LED, considera que este debe tener un minimo tiempo de vida util para otorgarle



11 Resumen

su sello. Por lo tanto, es comprensible que durante los ultimos afios la literatura
desarrollada alrededor de los drivers ca-cc de LED se centre en la eliminacion de este
elemento mediante el uso de topologias como las cuasi-Unicas etapas. Aun asi, esto no es
siempre factible cuando el coste del driver ca-cc de LEDs, y no su fiabilidad, es la
especificacion de mayor importancia para su disefio, necesitando por tanto un driver ca-cc
de LEDs simple y de una unica etapa.

El objetivo de la presente tesis es la investigacion de diferentes drivers ca-cc de LED
para la alimentacion de cargas LED (de mas de 25 W), en instalaciones comerciales e
industriales, para redes monofasicas y trifasicas de corriente alterna, en un rango de
potencias que abarque desde las decenas de vatios a unos pocos kilovatios, garantizando
también el cumplimiento de la normativa necesaria y con el objetivo de mejorar las
soluciones propuestas con anterioridad en la literatura. Teniendo en cuenta que los LED
estan tendiendo a desplazar a los sistemas de iluminacién tradicionales en todos los
ambitos, entonces también lo haran con los focos de alta potencia que necesitaran drivers
ca-cc de la misma potencia. En ese sentido, y considerando que la mayor parte de
instalaciones para las que se propone instalar este tipo de focos tienen disponible el
conexionado a la red trifasica, se abre asi la posibilidad de usar controladores LED
trifasicos. Aqui es importante puntualizar, que el objetivo no es renovar la instalacion
eléctrica en el entorno doméstico sino utilizar la red trifasica alli donde sea posible.

El estudio realizado en la presente tesis se divide en cinco capitulos proponiendo
soluciones de drivers ca-cc de LEDs en redes ca. Por ese motivo, y con el objetivo de
sentar las bases para el resto de capitulos, el primero de ellos se encarga de resumir los
conceptos mas basicos en el ambito del control de iluminacion con LEDs, queriendo
contestar dos cuestiones: ‘por qué van a reemplazar a las luminarias tradicionales’ y
‘como se deben controlar’. Ademas, se ha realizado un estudio en profundidad que se
encarga de especificar las normativas mas importantes y de resumir el estado del arte de
drivers ca-cc de LED en redes ca. Este ultimo se encarga de clasificar los drivers ca-cc
de LED en diferentes categorias en funcion del nimero de etapas y del tipo de red (ya sea
monofasica o trifasica), analizando las ventajas y desventajas de aquellas topologias que
se consideren mas prometedoras.

Después de haber estudiado y clasificado las soluciones presentes en la literatura, el
resto de los capitulos proponen soluciones novedosas en esta tematica:

e  El capitulo 2 propone el uso de topologias multi-celda para controlar luminarias
LED en redes trifasicas de ca donde se alcanza la eliminacion del condensador
electrolitico debido a que la potencia no pulsa en una red trifasica balanceada.
Por este motivo, se proponen dos drivers ca-cc de LEDs, uno con aislamiento
galvanico basado en el rectificador trifasico de onda completa, y otra sin
aislamiento que se basa en sumar la luz de cada una de las fases de la red para
obtener una luz constante. Ademas, se rescata la topologia clasica propuesta por
Delco adaptandola para su uso como driver ca-cc de LEDs. Este capitulo se
centra, sobre todo, en el andlisis estatico y dindmico que se realiza sobre los tres
drivers anteriormente mencionados, poniendo especial énfasis en el
comportamiento del driver ca-cc de LEDs como LFR trifasicos. De manera
particular, para el caso del driver basado en la suma de luces es necesario revisar
el estudio de los limites entre modo de conduccion continuo y discontinuo
debido al alto rizado de tension y corriente permitido a la salida de cada una de
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las celdas. Finalmente, el capitulo describe los resultados experimentales
obtenidos para los tres drivers ca-cc de LED bajo estudio. Posteriormente, se
comparan entre si y con las soluciones presentes en el estado del arte para
discernir de forma adecuada sus ventajas y desventajas, mientras se asegura el
correcto cumplimiento de la normativa.

El capitulo 3 estudia el uso de las topologias alimentadas en corriente con
aislamiento galvanico como convertidores ca-cc monofasicos y, por lo tanto,
como drivers ca-cc de LED monofasicos. Estas topologias, pertenecientes a la
familia del convertidor elevador son capaces de obtener un funcionamiento
como LFR mediante un control adecuado. Sin embargo, presentan una serie de
desventajas que evita que se usen de manera masiva en PFC. Por este motivo, se
recupera el convertidor push-pull de doble inductancia alimentado en corriente,
donde se usa tradicionalmente como convertidor cc-cc de alta ganancia,
estudiando su operaciéon como convertidor ca-cc y proponiendo a su vez una
estrategia de control sencilla basada en una unica medida aislada. Ademas, es
capaz de conseguir un entrelazado (inferleaving, en la literatura anglosajona)
inherente a la topologia entre sus dos bobinas reduciendo asi el rizado de alta
frecuencia en su corriente de entrada y presente en ambas bobinas debido a su
operacion en modo de conduccidn critico, manteniendo un disefio simple de su
transformador que es capaz de mejorar su rendimiento superando asi muchas de
las limitaciones presentes en las topologias alimentadas en corriente y
consiguiendo compararse con soluciones presentes en el estado del arte de los
drivers ca-cc LED monofésicos.

El capitulo 4 presenta una familia de convertidores simples para su conexion a
redes de corriente continua, y que en la presente tesis tienen como objetivo ser
usados como post-reguladores, siendo esta la Gltima etapa de un driver ca-cc de
LEDs multi-etapa. La idea se basa en reemplazar el diodo rectificador de los
convertidores tradicionales cc-cc mas basicos por LEDs. De esta manera, los
LEDs trabajaran no s6lo como carga sino también como diodo rectificador del
convertidor, circulando a través de ellos corrientes de alta frecuencia cuya luz se
aprecia como constante por del ojo humano. Este tipo de control se conoce en la
literatura como control AC-LED. Desde el punto de vista de usar LEDs como
rectificadores es necesario realizar un estudio sobre sus capacidades de
conmutacion, especialmente estudiando el fendmeno de la recuperacion inversa.
Este ultimo se puede eliminar reemplazando el interruptor principal con un
interruptor cuasi-resonante de onda completa. Con este cambio se concibe una
nueva familia de convertidores que es analizada estaticamente y
experimentalmente validada. Finalmente, el capitulo compara en términos de
fiabilidad en un periodo de 700 h el uso de los convertidores AC-LED cuasi-
resonantes con los que no lo son y con las topologias tradicionales, observando
asi el impacto del fendmeno de recuperacion inversa en la vida ttil de los LEDs.

El capitulo 5 concluye este trabajo debatiendo sobre las conclusiones mas
importantes que se han podido extraer de los desarrollos tedricos y los resultados
experimentales. Finalmente, se proponen lineas de investigacion futuras
alrededor de la temactica de esta tesis.






Abstract

Light-Emitting Diodes (LEDs) are increasingly becoming our main source of artificial
light in our homes, offices or streets due to their reliability, long life, luminous efficacy
and low maintenance requirements. However, LEDs are diodes, which means that the
current is able to go through them in only one direction. This fact is of utter importance
because of the direct relationship between the light outputted by the LED and the current
across it, making an impossibility the direct connection to an ac power grid without
incurring into the flicker phenomenon which is not only annoying but harmful for human
beings. Thus, an interface is required between the ac power grid and the LEDs in order to
drive the LEDs with a constant current that ensures a good quality light output. This
interface is normally referred as ac-dc LED driver.

An ac-dc LED driver is but a power converter that feeds a very unique and non-linear
load, and as such it needs to meet several requirements in accordance to the regulations
and the needs of the LEDs. Then, as any equipment connected to the ac power grid it
needs to comply with the harmonic injection regulation, IEC 61000-3-2, which in this
particular case sets extremely strict limits for ac-dc LED drivers of more than 25 W, being
much laxer for those of lower power. In that respect, the regulations demands for the input
current of the ac-dc LED driver to be sinusoidal and in phase with the input voltage. This
performance is traditionally achieved in Power Factor Correction (PFC) with active
solutions whose behaviour at the input is equivalent to a resistance, normally referred as
Loss Free Resistor (LFR). Achievement that is feasible by several topologies by means
of operating them adequately with the proper control methodology. In fact, for single-
phase ac-dc converters, this is conventionally achieved by means of a PFC boost
converter, normally followed by a cascaded isolated dc-dc converter. The first converter
achieves the desired LFR performance while the second controls the current through the
LEDs, improves the dynamic response to load changes, could provide galvanic isolation
and could remove the electrolytic capacitor while keeping a flicker free performance that
should be ensured by meeting the requirements set by Practice 1 of the IEEE Std. 1789-
2015. The newly proposed flicker standard ensures the achievement of good light quality,
setting the rules for how much ripple is allowed in the output instantaneous luminance
and thus for the current ripple across the LEDs.

The removal of the electrolytic capacitor is extremely important as one of the
requirements for ac-dc LED drivers is having a lifetime comparable to that of the LEDs,
being this element the most limiting one in order to achieve this feat. In fact, the ENERGY
STAR® program, which is a renowned set of rules for ac-dc LED drivers, considers the
minimum lifetime of the LED driver as one of the requisites to give its seal of approval.
Therefore, it can be understood why the current literature has put so much effort on the
study of electrolytic capacitor-less ac-dc LED drivers, which is normally achieved by
means of ac-dc quasi-single-stages. Nonetheless, this is not always possible when the cost
of the LED driver and not its reliability, is the most limiting factor to be considered in the
design, hence requiring the use of a simpler single-stage ac-dc LED driver.



VI Abstract

The present dissertation investigates different solutions to drive LED luminaires,
which are LED loads of more than 25 W, in commercial and industrial installations for
both single-phase and three-phase ac power grids in the range of decades of watts to a
few kilowatts, while complying with all of the aforementioned regulations and with the
aim of improving the performance of the current state-of-the-art solutions. As a matter of
fact, LEDs are prone to take over traditional lighting technologies in every environment,
thus replacing high power spotlights that would require high power ac-dc LED drivers.
In that respect, and considering that in most installations in which this high power
spotlights are required the three-phase grid is also available, it opens the possibility of
using specific three-phase ac-dc LED drivers. It should be noted, it is not the aim of this
dissertation to rewire household environments with three-phase power grids, but to use
those that are readily available.

The study carried out in this dissertation is organized into five different chapters
discussing the driving of LEDs on ac power grids. For that matter, and in order to lay the
foundations for the rest of the chapters, the first one summarizes the most basic concepts
around LED driving aiming to answer two basic questions, which are: ‘why are LEDs
more prone to be used in spite of traditional lighting technologies’ and ‘how are LEDs
supposed to be driven’. In addition a thorough analysis has been carried out regarding the
different rules set by the regulations for ac-dc LED drivers and the state-of-the-art
solutions to drive LED from ac power grids. The latter classifies the ac-dc LED drivers
under several categories in accordance to the amount of power stages and the kind of
power grid they are meant to be used on (i.e., single-phase or three-phase) while
discussing at the same time the advantages and disadvantages of the most promising
topologies.

After having studied and classified the state-of-the-art solutions, the rest of the
chapters discuss the proposals of this work in accordance to the aforementioned
classification:

e  Chapter 2 proposes the use of multi-cell three-phase topologies to drive LED
loads in three-phase ac power grids, taking advantage of the intrinsic removal of
the electrolytic capacitor due to the non-pulsation of the power in balanced three-
phase power grid. In that respect, it proposes two ac-dc LED drivers, one with
galvanic isolation based on the three-phase full-wave rectifier, and another one
without galvanic isolation based on summing the light output of each phase. In
addition, the Delco topology is retrieved for this application and adjusted
accordingly to operate as an ac-dc LED driver. More importantly, this chapter
includes the static and dynamic analysis of all three ac-dc LED drivers with
special focus on the desired LFR performance at the input of each phase.
Particularly, the operation of cells in the multi-cell ac-dc LED driver based on
summing the light output requires to revise the limits between Continuous
Conduction Mode (CCM) and Discontinuous Conduction Mode (DCM) due to
the high voltage and current ripple allowed at the output of each cell. The last
sections of these chapter are dedicated to the experimental results obtained for
the three ac-dc LED drivers under study which are compared in between and
with the state-of-the-art solutions carefully analyzing their advantages and
disadvantages while ensuring compliance with the required regulations.
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Abstract

Chapter 3 discusses the use of isolated current-fed topologies as single-phase
ac-dc converters, and thus as single-phase ac-dc LED drivers. These topologies
from the boost family achieve a LFR performance by means of control.
However, they present several drawbacks preventing them from achieving
outstanding performances. For that matter, the Dual Inductor Current-fed Push-
Pull (DICPP) is retrieved from literature, where it is used as a high step-up dc-dc
converter, and studied to operate as an ac-dc converter, proposing a simple
control based on one isolated measurement. In addition its intrinsic interleaving
between both inductors is able to reduce the input current ripple that both
inductors present due to their operation in Boundary Conduction Mode (BCM),
while it simpler transformer design improves the efficiency overcoming most of
the limitations present for single-phase current-fed topologies and achieving a
performance comparable to state-of-the-art single-phase ac-dc LED drivers. At
the cost of having a demagnetization circuit and requiring switches with
breakdown voltages of 900/1200 V to correctly operate in universal voltage
range.

Chapter 4 presents, unlike the previous chapters, a family of simple converters
that are to be connected to a dc power grid, thus aimed to be used as the post-
regulator stage of a multi-stage ac-dc LED driver. The idea behind this family
of converters is based on replacing the rectifier diode of the conventional dc-dc
converters with the LED load. Hence, the LED load will work both as the load
and as the rectifier diode of the converter, being driven by a high frequency
current whose output light human eyes render constant, and being referred in
literature as AC-LED driving. In that respect, the switching performance of the
LEDs needs to be studied with special focus put on the reverse recovery effect.
The latter is avoided by replacing the main switch with a full-wave quasi-
resonant switch rendering the actual family of converters, which is statically
analyzed and experimentally validated. Finally, the chapter compares
experimentally the reliability over a period of 700 hours for the conventional
converter, the quasi-resonant AC-LED driver and the non-resonant version,
focusing on observing the impact of the reverse recovery on the lifetime of the
LEDs.

Chapter 5 concludes this work discussing the most important conclusions
extracted from the theoretical and experimental analysis, that lead to the proposal
of future research around the topic of this dissertation.
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Appendix A.
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Transfer function that relates the small-signal ac variations of v
to the small-signal ac variation of ion.

Transfer function that relates the small-signal ac variations of v,
to the small-signal ac variation of 1.
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Nomenclature

lac,norm

Ibase

iCellm(t)

idc

iD(t)

iD,ave(t)

IDmax
iF
ir(t)
Ik

Ir2

Iep

iin(t)

iin,avg(t)

iLini(t)

iLinl ,peak(t)

iLinl ,avg(t)

Peak current value of the ac component that across the LED load
in a multi-cell ac-dc LED driver based on summing the light
output of each phase.

Normalized value of ia.

Parameter defined as the knee-voltage over the dynamic resistance
of a certain LED.

Input current demanded by the m™ LFR cell in a multi-cell ac-dc
LED driver, considering its variation with time.

Dc current value of the current across the LED load in a multi-cell
ac-dc LED driver based on summing the light output of each
phase.

Instantaneous value of the current across the high frequency diode
bridge in the DICPP ac-dc LED driver.

Instantaneous value of the current across the high frequency diode
bridge averaged at switching period in the DICPP ac-dc LED
driver.

Maximum current that needs to be withstood by each of the diodes
that comprise the high frequency diode bridge in the DICPP ac-dc
LED driver.

Average LED forward current.

Instantaneous value of the LED forward current.

Constant LED forward current at half load.

Constant LED forward current at full load.

Peak forward current of an LED when applying PWM dimming.

Instantaneous value of the input current of a single-phase ac-dc
LED driver, considering its variation with time and typically
averaged at switching frequency.

Instantaneous value of the input current averaged at switching
period in the DICPP ac-dc LED driver.

Instantaneous value of the current across Liy; in the DICPP ac-dc
LED driver.

Instantaneous value of the peak current across Lin; in the DICPP
ac-dc LED driver.

Instantaneous value of the current across Li, averaged at
switching period in the DICPP.
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Instantaneous value of the current across Lin, in the DICPP ac-dc

iina(t .

Linz({) LED driver.

. ® Instantaneous value of the peak current across Liy; in the DICPP
HinZpeak ac-dc LED driver..

. ® Instantaneous value of the current across Li, averaged at
Hinzave switching period in the DICPP ac-dc LED driver.

i (t) Instantaneous value of the current across the resonant inductance
Lr

in the ZCS-QRC AC-LED drivers.

Dimensionless parameter defined for the normalized analysis
in carried out in Subsection 2.4.1.2, and strongly related to the dc
current across the LED load.

Instantaneous value of the input current of phase N in a three-
phase ac-dc LED driver. Typically averaged in terms of the
switching frequency. Considering N takes the value of either R, S
orT.

iN(t)

. Output current of an LED driver, being also the current across the
1o
LED load.

Instantaneous value of the output current of an LED driver, being
also the instantaneous value of the current across the LED load.

i Small-signal ac variations of the output current of an LED driver.

Output current of an LED driver particularized at a certain
operating point.

ToCelim(t) Instantaneous value of the output current of Celly,.

Average value of the output current across the LED load of phase
N in the multi-cell ac-dc LED driver based on summing the light
output of each phase. Considering N can take either the R, S or T
value.

i0N

Small-signal ac variation of the output current across the LED
A load of phase N in the multi-cell ac-dc LED driver based on
summing the light output of each phase. Considering N can take
either the R, S or T value.

Output current across the LED load of phase N particularized at a
certain operating point, in the multi-cell ac-dc LED driver based
on summing the light output of each phase. Considering N can
take either the R, S or T value.

IoN

Instantaneous value of the output current across the LED load of

ion(t
() phase N in the multi-cell ac-dc LED driver based on summing the
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Nomenclature

ioN,norm(t)

ioR(t)

ios(t)

ioT(t)

IQmax

ir(t)

iref

is(t)

i(t)

ka(ot)

k2,norm(0)t)

k2,norm,N ((Dt)

light output of each phase. Considering N can take either the R, S
or T value.

Normalized expression of ion(t).

Instantaneous value of the output current across the LED load of
phase R in the multi-cell ac-de LED driver based on summing the
light output of each phase.

Instantaneous value of the output current across the LED load of
phase S in the multi-cell ac-dc LED driver based on summing the
light output of each phase.

Instantaneous value of the output current across the LED load of
phase T in the multi-cell ac-dc LED driver based on summing the
light output of each phase.

Maximum current that needs to be withstood by the main switches
in the DICPP ac-dc LED driver.

Instantaneous value of the input current of phase R in a three-
phase ac-dc LED driver. Typically averaged in terms of the
switching frequency.

Current reference for an output current feedback loop.

Instantaneous value of the input current of phase S in a three-
phase ac-dc LED driver. Typically averaged in terms of the
switching frequency.

Instantaneous value of the input current of phase T in a three-
phase ac-dc LED driver. Typically averaged in terms of the
switching frequency.

k™ harmonic of the Fourier series.

Number of the harmonic coincidental with the maximum
frequency set by Practice 1 of the IEEE Std. 1789.

Dimensionless parameter traditionally defined for the study of the
limits between CCM and DCM in a dc-dc converter.

Constant that helps defining the resistive value of an LFR, and that
depends on the design parameters of the converter.

Auxiliary parameter that gives the condition that guarantee CCM
or DCM operation on a dc-dc converter operating with high ripple
current on its LED load.

Normalized value of ka(ot).

Generalization of ko norm(®t) for any phase. Considering N takes
the value of either R, Sor T.
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Nomenclature

kcrit((l)t)

Lac

Iu(t, k)
Lz, min(k)
Lit.max(k)
Lmn

Lumin
Linax

lo

—
=]

1o,norm

1o(t)

L:

M

m(mt)

Mod. (%)

Value of the dimensionless parameter, traditionally defined for the
study of the limits between CCM and DCM in a dc-dc converter,
in the boundary between CCM and DCM.

Dimensionless parameter defined for the normalized analysis
carried out in Subsection 2.4.1.2 and strongly related to the value
of Cx.

Instantaneous value of the luminance.
Main inductance of a converter.

Defines the elapsed operating time over which the LED light
source will maintain a 70% of its initial light output.

Constant average luminance.

Instantaneous value of the k™ harmonic of the luminance.
Minimum luminance of the k™ harmonic.

Maximum luminance of the k™ harmonic.

Magnetizing inductance of a transformer.

Minimum luminance of a luminance waveform.
Maximum luminance of a luminance waveform.

Average value of the output luminance of the multi-cell ac-dc
LED driver based on summing the light output of each phase.

Small-signal ac variation of the output luminance of the multi-cell
ac-dc LED driver based on summing the light output of each
phase.

Normalized average value of the output luminance of the multi-
cell ac-dc LED driver based on summing the light output of each
phase.

Instantaneous value of the output luminance of the multi-cell
ac-dc LED driver based on summing the light output of each
phase.

Resonant inductor.

Number of elements in a series. Typically used as the number of
LED strings in parallel comprising an LED load.

Ratio between the voltage withstood by the LED load and the peak
of the input voltage.

Dc voltage conversion ratio of an LFR.

Defines percent flicker, in accordance to (1.4).
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Nomenclature

Ny
N2
p(t)

Pbase

pear(t)

Pin

pin(t)

pindc(t)

PLED

PN

pn(b)

Po

Po,max

Po(t)

pr(D)

Pr+(t)

pr-(t)

Number of elements serialized in a matrix. Typically used as the
number of LEDs in an LED string.

Represents the phase under study in a three-phase ac-dc LED
driver, taking either the R, S or T value.

Number of turns on the primary side of a transformer.
Number of turns on the secondary side of a transformer.
Pulsating power.

Parameter defined as In.se multiplied by the knee-voltage of the
LED.

Pulsating power at twice the mains frequency on the output
capacitance of an active filter, Car.

Average input power of an LED driver.

Pulsating input power of an ac-dc LED driver. Typically at twice
the mains frequency.

Pulsating power at twice the mains frequency at the input of dc-dc
converter used as a second stage. Typically referred to a
single-phase multi-stage ac-dc LED driver.

Power consumption of a single LED.

Average input power of phase N in a three-phase ac-dc LED
driver. Considering N takes the value of either R, S or T.

Pulsating input power of phase N in a three-phase ac-dc LED
driver. Considering N takes the value of either R, S or T.

Average output power of an LED driver.
Maximum output power of an LED driver.

Pulsating output power of an ac-dc LED driver at either twice or
six times the mains frequency, depending if the ac-dc LED driver
is connected to a single-phase or three-phase, respectively.

Pulsating input power of phase R in a three-phase ac-dc LED
driver.

Pulsating input power of phase R demanded by Cell; in a
multi-cell ac-dc LED driver based on the thee-phase full-wave
rectifier.

Pulsating input power of phase R demanded by Celly in a
multi-cell ac-dc LED driver based on the thee-phase full-wave
rectifier.
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Nomenclature

ps(t)

ps+()

ps-(t)

pr(t)

pr+(t)

pr-(t)

Ti

TLED
Rerr
To

To

Tdelay

ton

Pulsating input power of phase S in a three-phase ac-dc LED
driver.

Pulsating input power of phase S demanded by Cell, in a
multi-cell ac-dc LED driver based on the thee-phase full-wave
rectifier.

Pulsating input power of phase S demanded by Cells in a
multi-cell ac-dc LED driver based on the thee-phase full-wave
rectifier.

Pulsating input power of phase T in a three-phase ac-dc LED
driver.

Pulsating input power of phase T demanded by Cells in a
multi-cell ac-dc LED driver based on the thee-phase full-wave
rectifier.

Pulsating input power of phase T demanded by Cells in a
multi-cell ac-dc LED driver based on the thee-phase full-wave
rectifier.

Designation used for the main switches of an LED driver.
Input resistance seen by an LFR.

Resistor responsible for limiting the maximum peak in passive ac-
dc LED drivers.

External resistor added in series with an LED string to achieve
resistive passive current sharing.

Equivalent resistance of an LED load, defined by (2.6).

Equivalent resistance of an LED load particularized at a certain
operating point, and defined by (2.14).

Input current inverse gain versus variations in the peak input
voltage.

Dynamic resistance of an LED.

Resistive value of an LFR.

Output current inverse gain versus variations in the output voltage.
Fundamental period of the luminance.

Amount of time that sets the adequate phase shift of the slave
driving signal in a DICPP ac-dc LED driver.

On-time of the main switch. Typically referred to a constant on-
time required for operation in BCM in a boost converter.
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Nomenclature

Ts
Ty(t)
Vy LED

Va

<>
)

Va

vear(t)

VCB(t)

Ve

<>
<)

Ve

VCC

VCN(t)

Vcr(t)

Small-signal variations of the on-time of the main switch.

On-time of the main switch particularized at a certain operating
point.

Instantaneous value of the off-time on the main switch.

Resonant period of the resonant tank in the ZCS-QRC AC-LED
drivers.

Switching period.

Instantaneous value of the switching period, when allowed to
changed due to control criteria.

Knee-voltage of an LED.

Control variable responsible for controlling the input power in a
boost operating in CCM with MBC as an LFR.

Small-signal ac variations of the control variable responsible for
controlling the input power in a boost operating in CCM with
MBC as an LFR.

Control variable responsible for controlling the input power in a
boost operating in CCM with MBC as an LFR, particularized at a
certain operating point.

Pulsating voltage at twice the mains frequency on Car. Typically
referred to the Multi-output voltage ripple cancellation method,
see Fig. 1.18 (b).

Pulsating voltage at twice the mains frequency on Cg. Typically
referred to the Multi-output voltage ripple cancellation method,
see Fig. 1.18 (b).

Control variable responsible for controlling the input power in an
LFR based dc-dc converter.

Small-signal ac variation of the variable responsible for
controlling the input power in an LFR based dc-dc converter.

Control variable responsible for controlling the input power in an
LFR based dc-dc converter particularized at a certain operating
point.

Voltage set by an auxiliary power supply.
Instantaneous value of the voltage on capacitance Cx.

Instantaneous value of the output voltage in the ZCS-QRC
AC-LED drivers.
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Nomenclature

VDmax

VDs(t)
VEN
VF

Ve

VL(t)

VN(t)

Vo

Vo(t)

Vo

Maximum voltage that needs to be withstood by each of the diodes
that comprise the high frequency diode bridge in the DICPP ac-dc
LED driver.

Voltage withstood by a MOSFET between drain and source.
Signal that enables a certain PFC boost in a two-stage cell.
LED forward voltage.

Maximum voltage of the driving signal (i.e., vgs(t)).

Dimensionless parameter defined for the normalized analysis
carried out in Subsection 2.4.2.1, and strongly related to the vgp.

Peak of the input voltage in an ac power grid.

Small-signal ac variations of the peak of the input voltage in an ac
power grid.

Peak of the input voltage in an ac power grid particularized a
certain operating point.

Maximum peak of the input voltage in an ac power grid.

Voltage applied between gate and source on a MOSFET to drive
it.

Average value of the input voltage.

Instantaneous value of the input voltage of a single-phase ac-dc
LED driver.

Positive input port of an LFR cell.
Negative input port of an LFR cell.

Instantaneous value of the Iluminance measured by a
transimpedance amplifier with low bandwidth.

Input voltage of phase N in a three-phase ac-dc LED driver.
Considering N can take either the R, S or T value.

Output voltage of an LED driver, being also the voltage withstood
by the LED load.

Instantaneous value of the output voltage of an LED driver, being
also the current withstood by the LED load.

Output voltage of an LED driver particularized at a certain
operating point.

Positive output port of an LFR cell.

Negative output port of an LFR cell.
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Nomenclature

VoN

VoN(t)

VQmax

VR(t)
Vs
Vs(t)

VT(t)

Z,

Average value of the output voltage withstood the LED load of
phase N in the multi-cell ac-dc LED driver based on summing the
light output of each phase. Considering N can take either the R, S
or T value.

Instantaneous value of the output voltage withstood the LED load
of phase N in the multi-cell ac-dc LED driver based on summing
the light output of each phase. Considering N can take either the
R, S or T value.

Maximum voltage that needs to be withstood by the main switches
in the DICPP ac-dc LED driver.

Input voltage of phase R in a three-phase ac-dc LED driver.
Equivalent voltage source of an AICS.

Input voltage of phase S in a three-phase ac-dc LED driver.
Input voltage of phase T in a three-phase ac-dc LED driver.

Characteristic impedance of the resonant tank in the ZCS-QRC
AC-LED drivers.
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Symbol
ADC
ac-dc
AC-LED driver
AICS
AHB
ANSI
AWG
BCM
CCM
CCT
CENELEC
CFL
CPP
CR
CRI
de-dc
DCM
DICPP
DL//L
DL//S
EMI
FEA
FPGA
HF

HV

IC

Definition

Analog-Digital Converter.

Alternating current — direct current.

LED driver that uses a pulsating current to drive the LED load.
Active Input Current Shaper.

Asymmetrical Half Bridge.

American National Standards Institute.
American Wire Gauge.

Boundary Conduction Mode.

Continuous Conduction Mode.

Correlated Color Temperature.

European committee for electrotechnical standardization.
Compact Fluorescent Lights.

Current-fed Push-Pull.

Current Regulator.

Color Rendering Index.

Direct current-direct current.

Discontinuous Conduction Mode.

Dual Inductor Current-fed Push-Pull.

LED paralleled with the converters inductor.
LED paralleled with switch.
Electromagnetic Interference.

Finite Element Analysis.
Field-Programmable Gate Array.

High Frequency.

High Voltage.

Integrated Circuit.
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ICC Input Current Controller.

IEC International Electrotechnical Commision.
IEEE Institute of Electrical and Electronics Engineers.
InGaN Indium gallium nitride.

IPOP Input Parallel Output Parallel.

IPOS Input Parallel Output Series.

ISOP Input Series Output Parallel.

ISOS Input Series Output Series.

Lamp Lighting load of less than 25 W.

LED Light-Emitting Diode.

LF Low Frequency.

LFR Loss Free Resistor.

LR Light Regulator.

Luminaire Lighting load of more than 25 W.

MBC Multiplier Based Control.

MKP Metallized Polypropylene.

MKT Metallized Polyester.

MOSFET Metal-Oxide Semiconductor Field Effect Transistor.
NLCC Nonlinear-Carrier Control.

NOEL No Observable Effect Level.

ocCcC One-Cycle Control.

OECD Organization for Economic Co-operation and Development.
PCB Printed Circuit Board.

PF Power Factor.

PFC Power Factor Correction.

PLL Phased Lock Loop.

PWM Pulse Width Modulation.

QRC Quasi-Resonant Converter.

Si Silicon.

SiC Silicon Carbide.
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Abbreviations

SMPS
THD
VCCRC
VEC
VLC
ZAHB
ZCD
ZCL
ZCS
ZCS-QRC
ZVS

Switching Mode Power Supply.

Total Harmonic Distortion.

Voltage Controlled Compensation Ramp Control.
Voltage Follower Control.

Visible Light Communications.

Zeta Asymmetrical Half-Bridge.

Zero Current Detector.

Zero Current Level.

Zero Current Switching.

Zero Current Switching-Quasi Resonant Converter.

Zero Voltage Switching,.



Introduction

Electric power is modern society’s
cornerstone technology on which virtually
all other infrastructures and services
depend.

— National Research Council.

The present chapter serves as an introduction into the current state of the art
strategies to drive light-emitting diodes from ac power grids, stating the scope and
motivation for this dissertation. Moreover, the chapter focuses on analyzing the required
regulations, challenges and applicability of LED drivers in both single-phase and three-
phase ac power grids, after thoroughly analyzing the state-of-the-art. Finally, the
contributions promoted in this dissertation will be presented in the last section of this
chapter.

1.1 General trends in power electronics

Power electronics become a necessity and a possibility at the beginning of the 20"
century and have continued to grow exponentially to our days. The reason behind this
growth can be found all around us with the tremendous amount of electronic systems and
devices that require electricity and a power conversion to adjust their voltage and current
to their specific requirements. Hence, making power electronics one of the biggest
markets in our modern society and a major research topic [1.1], [1.2].

From the beginning, research on the topic of power electronics, independently of the
area, has been focused on achieving: higher efficiencies, higher power density, lower
failure rate and lower costs. In fact, the exponential growth of electronic systems and
devices, due to our newer demands, have made us the most electrically dependent society
in human history [1.3]. These demands have increased electronic waste and electric
consumption dramatically; in fact, the latter has multiplied by four worldwide from 1971
to 2015. However, in the last 10 years due to legislation, media awareness and research
in power electronics, the electricity consumption has stabilized in countries belonging to
the Organization for Economic Co-operation and Development (OECD) reducing also
their dependency to fossil fuels [1.4], which has helped the rise of renewable energy
sources. Hence, apart from achieving the aforementioned performance improvements,
nowadays, power electronics also need to be sustainable for the environment.
Accomplishing those performance improvements is not a simple task, as there are limited
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degrees of freedom in the design of power electronic systems, such as, components,
topologies, control, design procedure, standardization, manufacturing and application
areas [1.5].

The ubiquity of power electronics in our daily life and in almost every commercial
topic, from the automation to the telecommunication industry, is key to make the most of
the limited electrical energy at our disposal. Similarly, the lighting industry is completely
reliant on power electronics from the driver to the newer and most efficient lighting
products, based on Light-Emitting Diodes (LEDs).

1.1.1  Lighting

Nowadays, life seems almost inconceivable without an electrical light source by our
side. In fact, during 2016 the estimation of electric energy consumption by both the
residential sector and the commercial sector in the US, as a matter of exemplifying the
aforementioned fact, represented about 7% of the total US electricity consumption [1.6].
Not so long ago, in 2003 electrical light consumption was about 38% of the total electric
energy consumption in the commercial sector, being by far the largest end use as a share
of'total electric energy consumption [1.6]. This number has lowered over the years thanks
to the improvements made in lamp technology, which have replaced most of their
inefficient and obsolete incandescent lamps with fluorescents lamps. Hence, looking for
more efficient methods to light our homes, offices, streets and cars is key for a sustainable
world. It should be noted that throughout this dissertation, the term lamp will be used to
define those lighting products of less than 25 W.

The latest trends in lighting technology are summarized in Table 1.1, where it can be
seen a comparison for different lightning technologies in terms of their luminous efficacy,
lifetime and Color Rendering Index (CRI). The luminous efficacy gives an estimation of
how efficient the lighting technology actually is, whereas the CRI indicates its ability to
show natural colors the higher this index is. As a result of this comparison, it can be seen
that white LEDs represent the lighting technology with the higher lifetime and luminous
efficacy potential at the cost of having lower CRI. Nonetheless, the newest lamps from
manufacturers, such as Cree or Lumiled, are able to achieve luminous efficacies up to 170
Im/W with a lifetime of 50,000 h and a CRI close to 90 [1.8].

1.2 Light-emitting diodes

LED technology has been a reality since the latest 1950s. However, the first visible
LEDs were extremely inefficient [1.9]. It would not be until the 1990s, that Dr. Isamu
Akasaki, Dr. Hiroshi Amano and Dr. Shuji Nakamura invented the first blue LED, making
a possibility to achieve an efficient white LED. In fact, this breakthrough research earned
them the Nobel Prize in Physics in 2014 [1.10]. Following this achievement, white LEDs
started to look promising in early 2000s to replace inefficient light sources, but they were
still too expensive. In that sense, Fig. 1.1 shows the expectations for the lighting market
until 2022. As can be seen LEDs are supposed to replace incandescent light and even start
to replace Compact Fluorescent Lights (CFL) by that date. The reasons for the LEDs
coming strongly into the lighting market can be found in their advantages over
conventional lighting solutions: energy efficient, controllable in both light and color, long
lifetime, lack of a warm-up period and high power density [1.13]. Some of these
advantages will make LED light sources to be more than just a lightbulb, being able to
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transmit data [1.14], [1.15], control light color, hue and intensity or even detect people in
indoor environments [1.16] [1.17]. Nevertheless, these advantages attributed to LED

Table 1.1. Typical efficacies, lifetimes and color quality of lamps [1.7].

Efficacy [Im/W]  Lifetime[h] CRI [%]

?g:;ir\‘;‘ﬁ?erﬁgﬁtgs foran 550 350 [1.11] o 100
Incandescent 10-19 750 - 2500 97
Standard fluorescent

Fluorescent — T5 25-55 6000 - 7500 52-75

Fluorescent — T8 35-87 7500 - 20000 52-90

Fluorescent — T12 35-92 7500 - 20000 50-92
Compact Fluorescent 40 -70 10000 82
High-intensity discharge

Mercury vapor 25-50 29000 15-50

Metal halide 50-115 3000 - 20000 65-70

High-pressure sodium 50-124 29000 22
Halogen 14 - 20 2000 - 3500 99
LED 20 - 1001 15000 - 50000 33-97

Global lamp installed base

[billions of units]
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Fig. 1.1. Expectations of global installed base of lamps in terms of light-source technology [1.12].
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capabilities are, in reality, achieved by the LED driver, which can be defined as the power
supply that controls and ensures an adequate light output of the LEDs.

1.2.1  Working principle

LEDs generate light based on the electrolumiscence phenomenon that occurs when an
electric field is applied to a direct semiconductor. Specifically, when the sufficient
forward voltage is applied to the P-N junction that comprises the basic structure of an
LED, the electrons start migrating from the N to the P region. Some of the free electrons
(i.e., free carriers) will have enough energy to travel from the conduction band to the
valence band, see Fig. 1.2. It is at this point, when an electron recombines with a hole
dropping the excess of energy as it orbits into a lower energy state, that a photon is
liberated in the process [1.18], [1.19]. However, this process does not have an ideal
efficiency, and thus the rest of the energy is lost in terms of heat. This efficiency is
measured in terms of the internal quantum efficiency, which can be defined as the ratio
between the number of emitted photons and the number of free carriers passing through
the junction [1.20]. In fact, this increase in heat in the P-N junction causes the luminous
efficacy of the LED to lower, which implies that a correct thermal management is required
[1.21].

From the PN structure, it can be concluded that the working principle of an LED is
similar to a diode. However, Silicon (Si) diodes, being a direct semiconductor, do not
emit visible light, because in the recombination process the momentum difference
between electrons and holes generates phonons instead of photons. In the case of LEDs,
indirect materials must be used, in which the momentum during the recombination
between electrons and holes is the same, generating photons at a determined wavelength
and frequency depending on the energy lost in the recombination [1.22]. Hence, in order

P - |+ N

| —

N
Conduction band Electron migration Electron

° «—
~J 00000

Valence band

Fig. 1.2. Band diagram of an LED when applying a voltage to the P-N junction.
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to generate the adequate wavelength, normally blue, to achieve a white LED, the knee-
voltage is required to be much higher (i.e. 2 or 3V) than in a normal diode. The
implementation of these LEDs is normally performed with an InGaN blue die coated with
a mix of phosphors [1.23].

In summary, the main electrical particularity of an LED is that significant current is
only able to go across it in one direction, as any other diode. Hence, the LED can be
considered as a non-linear load that follows a V-I curve, as depicted in Fig. 1.3 for three
different commercial LEDs. As can be seen, the curves are extremely similar to each
other, and emphasis should be put at the higher knee-voltages (i.e., Vy1, Vy2 and V,3) when
compared with commonly used Schottky diodes [1.2]. After reaching this value, the
current rapidly increases causing the luminous flux to fluctuate accordingly, following an
almost linear relationship, as shown in Fig. 1.4 [1.24], [1.25]. The aforementioned reasons
imply that an LED load should be controlled in terms of its forward current instead of its
forward voltage. Therefore, the luminous intensity of the light can be controlled online to
be adequate to the requirements of the user, the online variation of this parameter in terms
of a reference is referred in literature as dimming [1.18].

1000,
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)
N
=
2 6007
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T 400t
:
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V1 72 OSRAM OSLON SSL 150
0 1 1 1
2.4 2.6 2.8 3 3.2 3.4

Forward Voltage [V]

Fig. 1.3. V-I diagram for some commercial LED from the biggest manufacturers: Lumiled [1.26], Cree
[1.27] and OSRAM [1.28].

1.2.2  The light-emitting diode as an electric load

The concept introduced in the previous paragraph helps to present the LED as an
electric load, which can be defined as a connected group of LEDs either arranged in
parallel, series or a combination of both, in order to achieve a determined output power
or lumens required for the design. Hence, conforming an LED matrix, as the one depicted
in Fig. 1.5. (a), where m LED strings comprised of n LEDs each are connected in parallel.
In order to be able to simply analyze a complex matrix LED load, and following the
behaviour introduced in Fig. 1.3, the LED load can be approximated by the circuit
depicted in Fig. 1.5. (b), where r ep represents the dynamic resistance of the LED, which
is the slope of curve as stated in Fig. 1.3, and V, Lep represents the knee-voltage of the
LED. The intrinsic constant voltage load behaviour of an LED is what makes it suitable
to be driven by a current source, as its voltage will be closely fixed to nV, rep [1.29].
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n
mYLED

nVv, 1ep

(@ )
Fig. 1.5. (a) LED matrix comprised of m LED strings that are conformed of n LEDs each. (b) Equivalent
circuit of the LED matrix.

As has been mentioned, an LED load can be formed into either a single-string or
multi-string configuration. The case of a single-string is the easiest in terms of current
balancing, but the problem with this configuration lies in case of failure of one or more
LEDs in open circuit, which will render the whole LED load useless. Even though this
problem is not present in the preferred multi-string configuration, from the tolerance
variation of V, rep and riep comes the inability to guarantee that each LED string shares
the same current, which leads to undesired effects, such as, differences in their light output
intensity or their temperature, thus causing difference in their lifetime [1.30], [1.31].

1.2.2.1 Current sharing

In order to solve the aforementioned issue, several current sharing methodologies can
be found in literature, which can then be divided into two categories: passive and active.
The passive methods are based on including passive components to the LED load, such
as, capacitors, inductors and resistors [1.31]-[1.39]. In fact, the casiest way to ensure
passive current sharing is based on adding a resistor in series with each string (Rexr), as
show in Fig. 1.6. (a). This method is simple and cheap, but it is inefficient as the voltage
drop on Rgxt causes both power losses and the temperature to increase on the LEDs,
which is undesired as the luminous efficacy of the LEDs decreases with temperature
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Fig. 1.6. (a) Passive current sharing from a dc source based on series resistors. (b) Passive current sharing
from an ac source based on capacitors.

[1.29]. Another way to achieve passive current sharing is depicted for an ac source in Fig.
1.6. (b), which was a widely used method in cold cathode fluorescent lamps [1.32]. The
idea is based on using the capacitor in series with each string to achieve similar impedance
on each branch. Thus, accomplishing ideal current sharing even under different values of
rLep at the cost of increasing the amount of LEDs used.

Active current sharing methods are based in controlling the current through each LED
string by means of a current regulator depending on the value of a current reference, irf,
see Fig. 1.7. Particularly, depending on the implementation of the current regulator, two
types of active current sharing methods can be differentiated: linear based and Switching
Mode Power Supply (SMPS) based. On the one hand, the linear based solution can be
illustrated by means of a transistor typically working as a current sink [1.40], [1.41], see
Fig. 1.7. (a). This solution, preferred over the series resistors due to the control over the
current, still suffers from poor efficiency due to the power losses on the transistor.

On the other hand, the SMPS based solution is normally implemented with a non-
isolated dc-dc converter per string that controls the current level across the LED string
[1.42]-[1.44], for example a buck converter with a current feedback loop as depicted in
Fig. 1.7. (b). This solution is the most efficient, but at the same time is both the most
expensive and complex. Therefore, its use is recommended for high-end applications.

m
+
IR AN N ,
R AN N A }'sn
lF|:T:| Vin in in
N N N
) A A
- isl isZ isn 2
Z 2 --------- 2
(a) ®)

Fig. 1.7. Active current sharing. (a) Linear based current source. (b) Switching-mode power supply current
source.
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1.2.3  Dimming techniques

The light controllability of LEDs in terms of its forward current is an interesting
characteristic that can be leveraged to adjust the luminous flux online in a certain
environment, according to the user requirements. In the previous subsection, the concept
of active current sharing has been introduced, in which, the current across an LED string
is regulated in accordance to a determined current reference, irr. Therefore, the variation
of this reference will cause the luminous flux to change accordingly.

The current literature records two different dimming techniques: analog and Pulse
Width Modulation (PWM) dimming. The first is based on supplying the LEDs with a dc
current that will determine their luminous flux [1.45]. This implies that the average
current across the LEDs varies as the current across them increases or decreases. As a
consequence, the Correlated Color Temperature (CCT), which is a measure of light color
appearance, will show some degree of variation [1.46], being this its main drawback. To
correctly exemplify the previous statements, Fig. 1.8. (a), shows the scheme that the
analog dimming follows. As can be seen, the emitted visible light is equal to the perceived
light, (i.e., ¢(t)) being both of them a function of the forward current present on the LEDs

(i.e., d(t)=f(ir(t))).

As regards the second dimming method, see Fig. 1.8 (b), the CCT variation is not an
issue as the forward current during the operation of the LED is always at the same level,
Irp [1.47]. In order to vary the luminous flux, the PWM current is used, increasing or
decreasing its duty cycle [1.48]. This control is possible due to the LEDs fast dynamic
response, so their light output will follow the same PWM modulation as the current across
them. Nonetheless, the bandwidth of the LEDs should be considered before selecting the
switching frequency of the signal. In addition, the frequency of the PWM signal has to be
selected carefully as the human eye is extremely sensitive to low frequency signals which
can potentially cause harmful effects [1.49]. In that sense, a frequency above 3 kHz is
considered to be completely safe for humans, as the human eye is not able to perceive the
higher frequency ac component. Therefore, the perceived light can be considered as a
function of the average forward current (i.e., o(t)=f(avg(ir(t)))) [1.30].

ip(t) DlTs DZTs IFp

A/ =
T,

o= g

o, K Perceived light C

®, / (1)
=t

o) = (ir(t)) Im ¢(t) = f (avg(ir(t))) Im
CCT(t) = f (ix(t) K CCT =1 (Iy) K
(a) (b)

Fig. 1.8. (a) Analog dimming and (b) PWM dimming schemes for obtaining the same amount of perceived
light.
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1.3 LED drivers regulations

The main application for LEDs is to replace inefficient lighting technologies in
residential and commercial environments, which normally have primary access to the ac
power grid. Considering the inherent behaviour of the LED as a diode, only letting the
current to go across it in one direction, it is necessary to use an ac-dc converter to ensure
that the LEDs are driven with an adequate dc current. The reason behind requiring this
power conversion comes from the fast current-light response from the LEDs, which could
replicate the sinusoidal current from the grid at double the mains frequency causing an
undesirable visible flicker to occur.

The regulations that an LED driver needs to comply with are to be understood before
discussing which solutions are the most appropriate for each application. This section
focuses on the specific regulations and recommendations for an LED driver, as are the
ENERGY STAR® program requirements product specification for luminaries, harmonic
standard (i.e. IEC 61000-3-2) and the flicker regulation (i.e. IEEE Std. 1789-2015).

1.3.1  Energy Star® Program Requirements Product Specification for Luminaires

The ENERGY STAR®is a US Environmental Protection Agency voluntary program
that helps businesses and individuals save money and protect our climate through superior
energy efficiency [1.51]. The international standard has been adopted in Australia,
Canada, Japan, New Zealand, Taiwan and the European Union, setting specifications for
a large list of consumer products. Within this list, the requirements for LED lighting
products are enumerated, including the LED load and the ac-dc LED driver. However,
the regulation differentiates between two kinds of LED load: LED lamps and LED
lighting fixtures (i.e., LED luminaires), and excludes a series of products, such as, solid
state retrofits, high bay fixtures, outdoor street and area lighting and party or
entertainment lighting [1.52]. Nonetheless, it still covers a wide spectrum of LED lighting
products both in residential and commercial environments.

Of the aforementioned requirements, the first one is directed to lamps intended to
replace incandescent light bulbs [1.53], whereas the second is intended for most lighting
products intended for direct connection to the power grid with an input power below
250 W [1.54]. Specifically, Table 1.2 lists the requirements that the ac-dc LED driver
needs to meet in order to comply with ENERGY STAR®. From this list, it should be noted
that the most restrictive constraints are the rated life and the Power Factor (PF). The first,
because it requires the ac-dc LED driver to last longer than 10,000 h, which is the rated
lifetime of the most restrictive component frequently used in low cost ac-dc LED drivers,
the electrolytic capacitor [1.55]. The second, since its compliance drastically reduces the
possible topologies that can be used for its design, as an almost sinusoidal current
waveform in phase with the voltage needs to be guaranteed at the input of the LED driver.

1.3.1.1 Power Factor and Total Harmonic Distortion

In fact, PF defines the ratio of the total input power in watts to the total apparent power
in volt-amperes on the ac side of the converter [1.56], and it can be considered as a
measure of how well voltage and current are aligned in an ac system and of how
efficiently is the power extracted from the ac power grid. Mathematically, it can be
expressed as,
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Y Watts per Phase Active Power

PF= = :
Y RMS Volt-amperes Apparent Power

(1.1)

Another useful concept that needs to be introduced to define the quality of a sinusoidal
waveform input waveform, is the one of Total Harmonic Distortion (THD). THD is
defined as the ratio, expressed as a percent, of the rms value of the ac signal after the
fundamental component is removed and inter-harmonic components are ignored, to the
rms value of the fundamental [1.56]. The formula defining THD is provided below,

Table 1.2. LED driver requirements, in accordance to ENERGY STAR® [1.54].

The LED package(s) / LED module(s) / LED array(s),
including those incorporated into LED light engines or
retrofit kits, shall meet the following L7 lumen
maintenance life values:

o e L7 >25,000 hours for indoor.
Rated Lifetime e L7 >35,000 hours for outdoor.
e 17 >50,000 hours for inseparable luminaires.

Note: L7 defines the elapsed operating time over which
the LED light source will maintain a 70% of its initial
light output.

) Light source shall remain continuously illuminated
Source Start Time within 1 second of application of electrical power.

Total luminaire input power < 5 watts: PF > 0.5.

Power Factor Total luminaire input power > 5 watts: PF > 0.7.

Standby Power

. Luminaires shall not draw power in the off state.
Consumption

Operating Frequency Lamp light output shall have a frequency > 120Hz.

Ballast or driver shall comply with ANSI/IEEE
C62.41.1-2002 and ANSIIEEE (C62.41.2-2002,

) ) Category A operation.
Transient Protection i ) ) )
The line transient shall consist of seven strikes of a 100

kHz ring wave, 2.5 kV level, for both common mode and
differential mode.

The luminaire and its components shall provide

continuous dimming from 100% to 20% of light output.
Dimming Performance
Note: This only applies for certified dimmable

luminaires.

Luminaire shall not emit noise above 24 dBA at 1 meter

Audible noi -
udible noise or less at the minimum output.
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i
k=2 1rms,k

- -100%,

1rms,l

THD= (1.2)

where ims is the rms value of the k™ harmonic of the current and irms, is the rms value of
the fundamental harmonic of the current.

1.3.2 Harmonic injection standard, IEC 61000-3-2

Over the last few decades, the rise of non-linear loads connected to the grid has caused
the amount of low frequency harmonics to increase. This increase is principally caused
by the usage of inadequate ac-dc converters that demand non sinusoidal currents with a
poor PF. In fact, a diode bridge followed by an electrolytic capacitor is commonly used
in low cost applications causing the current to be demanded as short duration current
peaks. If this were the norm, it would cause the grid to suffer from different effects, such
as, voltage drops, overheating of both, transformers and power generators, or oscillations
in electrical machines diminishing their lifetime [1.57]. In order not to cause the quality
of the grid to decrease, the International Electrotechnical Commision (IEC) released
several regulations to limit the low frequency harmonic injection from electronic
equipment to the grid. For the scope of this dissertation, the IEC 61000-3-2 regulation,
which limits the harmonic injection in equipment that draws input currents of < 16 A per
phase, is going to be considered as an indispensable requirement in the design of ac-dc
LED drivers.

The latest version of this regulation dates of November, 2014, and it is a European
Union standard (i.e., EN 61000-3-2:2014), which was approved by the European

Table 1.3. Equipment classification, in accordance to IEC 61000-3-2 [1.58].

Balanced three-phase equipment.
Household appliances, excluding equipment identified
by Class D.

Class A e Tools excluding portable tools.
e  Dimmers for incandescent lamps.
e Audio equipment.
o Everything else that is not classified as B, C or D.
e Portable tools.
Class B e Arc welding equipment which is not professional
equipment.
Class C e Lighting equipment.
e Personal computers and personal computer monitors.
e Television receivers.
Class D

Note: Equipment must have power level 7SW up to and not
exceeding 600W.
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committee for electrotechnical standardization (CENELEC). The regulation details how
the low frequency harmonics of the input current (i.e., the first 40 from the fundamental
frequency) need to be limited and measured depending on the classification summarized
in Table 1.3. According to this, lighting equipment falls under the Class C category for
single phase ac power grids. However, the regulation is not clear at stating under which
category falls a balanced three-phase equipment for lighting applications as it falls in both
Class A and Class C. Consequently, this specific equipment will be considered as Class
C due to its more restrictive nature over Class A.

Furthermore, Class C differentiates two scenarios depending on the active input power
of the lighting equipment. If the power exceeds 25 W (i.e., luminaires), then the harmonic
content of the input current needs to be limited to the values stated in column 4 of Table
1.4 (i.e., Class C limits). However, if that is not the case and the active input power is
below or equal to 25 W (i.e., lamps), then the input current needs to either have its
harmonic components limited by those of column 5 of Table 1.4. (i.e., Class D limits), or
fulfil that the third and the fifth harmonic component of the current shall not exceed 86%
and 61% of the fundamental current, respectively. In the latter, these conditions need to
be achieved while fulfilling that the input current reaches 5% of its crest value at 60° or
before, that its crest is reached at 65° or before, and that its value does not fall below 5%
of its crest value before reaching 90°, referred to any zero cross of the input voltage, as
can be seen in Fig. 1.9.

Taking into account the preceding requisites, it can be concluded that the regulation
is laxer for lighting equipment below 25 W. In that sense, this broadens the study of

Table 1.4. Harmonic limit content, in accordance to IEC 61000-3-2 [1.58].

Harmonic [n] Class A Class B Class C Class D
[A] [A] [% of fund.] [mMA/W]

Odd harmonics

3 2.30 3.45 30F, 3.4

5 1.14 1.71 10 1.9

7 0.77 1.155 7 1.0

9 0.40 0.60 5 0.5

11 0.33 0.495 3 0.35

13 0.21 0.315 3 3.85/13

15<n<39 0152 02252 3 385

n n n

Even harmonics

2 1.08 1.62 2 -

4 0.43 0.645 - -

6 0.30 0.45 - -

8 8
8<n<40 0.23- 0.345- - -
n n
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Fig. 1.9. lllustration of the relative phase angle and current parameters [1.58].

topologies that can distort the input current to a certain extent while still achieving a low
cost solution. However, this is not the case for equipment exceeding 25 W, as Class C
limits are considered to be the most restrictive of the four. This implies that the current
shape needs to be sinusoidal and aligned with that of the input voltage, which normally
means achieving unity PF. This characteristic limits ac-dc LED drivers of more than 25
W to those topologies that can achieve Power Factor Correction (PFC), as will be seen in
Section 1.4 of this chapter, and understanding PFC as the ability of demanding a
sinusoidal current in phase with the input voltage, thus achieving unity PF.

1.3.3  Flicker regulation, IEEE Std. 1789-2015

The flicker phenomenon can be defined in terms of any lighting equipment as a rapid
repetitive change in luminance [1.59]. Particularly, in the case of LEDs, it occurs due to
the fast response to current variations. Precisely, the harmonic content of the current
flowing across the LEDs translates into a light output modulated by those components.
However, not all frequency components are equally harmful for humans, and only those
below 3 kHz can be considered as such. In fact, whether the low frequency modulation is
visible or invisible, it can trigger headaches, migraines, fatigue, epilepsy or any other
neurological response [1.60].

Reducing flicker harmful effects has become increasingly important for ac-dc LED
drivers, since conceptually double the mains frequency can easily appear at the current
across the LEDs. For instance, without a proper regulation, the output capacitor of the
ac-dc LED driver that decouples the ac component of the current across the LEDs and
thus controls the admissible ripple of the current, can be overestimated causing the life
expectancy of the ac-dc LED driver to decrease. In that sense, two parameters were
defined in order to give a measure of flicker [1.60]:

- Flicker index [1.61] is defined as the area above the line of average luminance
(i.e., Lqc) divided by the total area of the light output curve during a cycle, refer
to Fig. 1.10,
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Flicker Index= — ! 13
feker i eX_ArealJrAreaz' (1.3)

- Percent flicker [1.61], also known as Modulation (%), which is the preferred
expression, can be defined as,

L -Lii
Mod. (%)=—=_—T1.100, (1.4)
Lmax+Lmin
where Limax and L, define the maximum and minimum luminance that the LEDs
are producing, respectively.

. Lmax B
'

Luminance [cd/m’]

0

0° 90° 180° 270° 360°
Line phase

Fig. 1.10. Illustration of the luminance over the line phase to exemplify the estimation of flicker index and
Mod. (%).

The issue with the aforementioned definitions is their independence from the
frequency of the signal. In the last decade, efforts toward a set of recommendations have
been made due to the lack of association between flicker and frequency in previous
literature. As a matter of fact, the requirements in terms of flicker should not be the same
for frequencies below 90 Hz than for those that are higher, since our eyes are more
sensitive to those lower frequencies [1.49].

Nowadays, there is still no such thing as a flicker regulation, but a set of
recommendation practices defined by the IEEE standard 1789-2015 in 2015 [1.62]. These
practices are summarized in Table 1.5. Consequently, the aim of this dissertation is to
follow particularly Practice 1 to design ac-dc LED drivers, which is restrictive enough to
limit the adverse biological effects caused by flicker in detriment of the most restrictive,
as is Practice 2, which guarantees No Observable Effect Level (NOEL). The
recommendation of Practice 1 is depicted in Fig. 1.11, where the area below the curve is
the recommended operating area where the Mod. (%) calculated from the measured
luminance of the lighting equipment should be.

It should be noted that the light output of any lighting equipment connected to an ac
power grid can contain several harmonics related to the fundamental frequency of the grid
(i.e., 50 Hz for Europe and 60 Hz for the US), or even subharmonics below those
frequencies due to failures either in the driver or the grid, which can be potentially
hazardous. In those cases, the recommendation is clear, stating that all the harmonic
components of the measured luminance over a line cycle should lie within the shaded area
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Table 1.5. Recommended practices, in accordance to IEEE Std. 1789-2015 [1.62].

If it is desired to limit the possible adverse biological effects of
flicker, then flicker Mod. (%) should satisfy the following
goals:

Practice 1 e Below 90 Hz, Mod. (%) is less than 0.025xfrequency.
e Between 90 Hz and 1250 Hz, Mod. (%) is below
0.08xfrequency.
e Above 1250 Hz, there is no restriction on Mod. (%).

If it is desired to operate within the recommended NOEL of
flicker, then flicker Mod. (%) should be reduced by 2.5 times
below the limited biological effect level given in Recommended

Practice 1:

Practice 2
e Below 90 Hz, Mod. (%) is less than 0.01 xfrequency.

e Between 90 Hz and 3000 Hz, Mod. (%) is below
0.0333xfrequency.
e Above 3000 Hz, there is no restriction on Mod. (%).

For any lighting source, under all operating scenarios, flicker
Practice 3 Mod. (%) shall satisfy the following goal:

e Below 90 Hz, Mod. (%) is less than 5%.

of Fig. 1.11 [1.62]. In fact, considering the luminance is a periodic and real signal, it can
be defined by a Fourier series truncated at the maximum frequency (i.e. 1250 Hz, as
defined by Practice 1) [1.63], as follow,

K
de .
1)=—"+ > la(k)|sin(2nkfyt+za(k)), (1.5)
2 ;

where fy defines the fundamental frequency of the luminance, K is an integer whose value
is based on the maximum frequency defined by Practice 1 and a(k) are the coefficients of

the Fourier series, which are defined by,
To

1 ‘
a(k)=— f 1(t) e 2ot (1.6)
Ty
0
where Ty is the fundamental period of the luminance.

After determining the Fourier series coefficients of the luminance, it becomes
immediate to obtain each of the harmonics,

1 (t, K)=la(k) |sin(2nkfyt+2a(k)). (1.7)

Hence, being able to determine the Mod. (%) for each of the harmonics of the luminance
as,
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LH,max (k) 'LH,min (k) .
LH,max (k) +LH,min (k) +de
where Ly max(k) and Ly min(k) define the maximum and minimum value of harmonic k.

Thus, all Mod. (%) components defined by (1.8) for all harmonics of the luminance
should fall in the recommended area of Fig. 1.11.

Mod. (%) (k)= 100, (1.8)

100
Recommended |
< 1t operating area |-
B
=
0.01

1 10 100 1000 10000

f [Hz]

Fig. 1.11. Recommended Practice 1 operating area [1.62].

1.4 LED drivers, state of the art

As has been previously stated, LEDs are increasingly becoming our main source of
artificial light in our homes, offices or streets due to their reliability, long life, luminous
efficiency and low maintenance requirements. For that matter, it is crucial for the
elements surrounding the LED load for its driving not to limit their benefits.

Their intrinsic diode behaviour bases their driving on controlling the dc forward
current, as has been mentioned in Section 1.2. This requirement has made the driving of
LEDs from the mains an important research topic in a wide range of power [1.30].
Therefore, according to previous literature, an ac-dc LED driver needs to be efficient,
compact, operate in universal voltage range, comply with the regulations described in
Section 1.3, dispose of the most limiting element in terms of the driver lifespan, which is
the electrolytic capacitor, and control the current across the LED load in order to achieve
dimming and an adequate light output. In that sense, Fig. 1.12 shows at a glance, a
classification of ac-dc LED drivers for both single-phase and three-phase ac power grids
in terms of the number of power conversion stages used. The different solutions will be
further detailed along this section considering the latest trends with a special focus on the
aforementioned requirements that an ac-dc LED driver should have.

1.4.1  Single-phase ac-dc LED drivers

In Section 1.1, it was emphasized the importance of replacing the old and inefficient
light in homes, streets or offices for newer and better technologies as are LEDs.
Considering that the primary access in homes, streets and offices is single-phase ac, it is
required the use of an ac-dc converter in order to drive the LED load (i.e., ac-dc LED
driver), to guarantee a flicker free performance. However, several distinctions can be
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ac-dc LED drivers

Single-phase Three-phase
[
[ | | |
Active Passive Single-stage | | Multi-stage | | Multi-cell
|
| | |
Single-stage Multi-stage Modular Single-switch | | Multi-switch

Fig. 1.12. Classification of ac-dc LED drivers for both single-phase and three-phase ac power grids.

made depending on the application. In fact, the regulations (i.e., ENERGY STAR® and
IEC 61000-3-2) differentiate between two rules in function of the input power of the LED
load. The laxer regulation set for lamps (i.e., <25 W) makes possible the usage of simple,
and inexpensive passive solutions, whereas luminaires (i.e., > 25 W) need to comply with
the most restrictive set of rules, requiring the use of a PFC solution.

1.4.1.1 Passive

The passive solutions, normally applied to retrofit/replacement lamps of less than
25 W, require the least components of all the solutions that are going to be discussed
along this section. In this case, the input current of the driver is not required to be
sinusoidal in accordance to Class D regulation, allowing some degree of distortion to
happen in the input current. In contrast, some benefits are traded-off:

o the ability to control the current, unless a trimmer that will further distort the
current is used [1.64].

o the lower lifespan of the lamp, due to the inability to remove the electrolytic
capacitor.

e the efficiency, due to the resistive elements introduced to limit the peak
current.

The conventional passive solution, depicted in Fig. 1.13 (a) and (b), is based on using
a capacitor-input filter to generate a dc voltage in order to feed the LED load at either
high voltage [1.65] or low voltage [1.66]. The current across the LED load is not
controllable and resistor Rg needs to be included to limit the peak current. The inclusion
of this resistive element hinders the efficiency of the solution. Another possibility to
passively drive LEDs is depicted in Fig. 1.13 (c); this solution is based on using the LED
load to rectify the input voltage, thus using a string for the positive half line cycle and the
other one for the negative half line cycle. This technique is referred in literature as Low
Frequency (LF) AC-LED driving [1.67]-[1.72], and presents two important drawbacks:
the first is the low frequency flicker due to the driving of the LEDs with a sinusoidal
current, and the second is that the amount of LEDs used is duplicated when compared to
the capacitor-input filter solution. In contrast, the lifetime of the driver is prolonged as
the electrolytic capacitor is not required, and the ac driving does not have an impact on
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Fig. 1.14. Typical passive solutions to drive LEDs from ac single-phase power grids. (a) Capacitor-input
filter. (b) Voltage step-down capacitor-input filter. (c) AC-LED driver.

the lifespan of the LEDs in accordance to [1.73]. It should be noted that there have been
some proposals to reduce the amount of LEDs used in this solution, however the number
is always greater than the conventional solution [1.70]. Furthermore, the limiting
resistance is still required. However, it can be replaced by a capacitor to passively balance
several LED strings, as it was previously introduced in Fig. 1.6 (b) solution, or even
inductors in series with the string [1.33]. The latter, would increases the size of the ac-dc
LED driver significantly due to the low frequency inductors required, and its use is mainly
recommended for high frequency AC-LED driving.

In order to solve some of the aforementioned problems, some authors have proposed
using a valley-fill circuit in conjunction with an output inductance [1.74]-[1.76]. This
configuration reduces the harmonic content of the input current and eliminates the
electrolytic capacitor, thus improving the lifespan of the ac-dc LED driver, see Fig. 1.14.
(a). In contrast, other authors included complex input filters to improve the THD and PF
improving the scope of the passive solutions to not only drive low power luminaires, but
not eliminating the bulk capacitor, see Fig. 1.14. (b) [1.77]. However, the trade-off that
comes with this kind of solutions is the increased cost due to the amount of components
and the inclusion of low frequency bulky inductors that will increase the size and weight.
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Fig. 1.13. State of the art passive solutions to drive LEDs from ac single-phase power grids. (a) Valley-fill
circuit based [1.74]. (b) Filter based [1.76].
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1.4.1.2 Active

Active single-phase ac-dc solutions are defined by one or various active components
that are controlled in order to shape the input current while keeping a dc output
voltage/current. The analysis carried out in this dissertation is centered on SMPS
considering that linear regulators are extremely inefficient for this purpose.

One way to classify active ac-dc LED drivers, following Fig. 1.12, depends on the
amount of power stages included in the ac-dc LED driver. In that sense, an ac-dc LED
driver comprised by a single power stage, whereas a driver with two or more cascaded
power stages will fall into the multi-stage category. Those ac-dc LED drivers that fall in
between, based on the integration of two stages or in the addition of a power stage that
does not process all the power, will be classified as single-stage, and normally referred as
quasi-single-stages. In this classification an extra category is added in order to include
those drivers comprised of more than one SMPS connected in either of the modular
connection configurations: Input Series Output Parallel (ISOP), Input Parallel Output
Series (IPOS), Input Series Output Series (ISOS) or Input Parallel Output Parallel (IPOP).
Furthermore, within the three prior categories, there are some design conditions that
should be distinguished: firstly, the inclusion of galvanic isolation or not, which is a
recommended practice to isolate the normally safe voltages withstood by the LED load
from the grid; secondly, the input power of the luminaire; and lastly, the removal of the
electrolytic capacitor. Accordingly, different solutions can be rendered when conceiving
these distinctions.

1.4.1.2.1 Loss Free Resistors basics

Before discussing the different topologies used in ac-dc LED drivers, it is important
to define the concept of Loss Free Resistors (LFR). An LFR is a de-dc converter behaving
as a resistor at its input and as a power source at its output by means of control [1.78],
[1.79], see Fig. 1.15. The resistive value of the LFR (i.e., Rirr) depends on the control
variable, v.. This is a well-known concept in the ac-dc PFC field, where a sinusoidal
current in phase with the input voltage of the converter is desired [1.80].
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Fig. 1.15. Loss free resistor concept.

In order for a dc-dc converter to be able to operate as an LFR it needs to satisfy two
conditions. The first condition is related to the resistance as seen by the LFR, which needs
to be defined as,
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L (1.9
2sin’(ot) ’
assuming perfect power transfer from input to output of the LFR, and where r.q represents
the equivalent resistance of the LED load.

r(ot)=

The second condition is related to the dc voltage conversion ratio of the LFR, which
is required to be,

(ot)= M (1.10)
OV sin(on)” '
where M is defined as the ratio between the voltage withstood by the LED load and the
peak of the input voltage.

There are several ways in which an LFR performance can be achieved. The most
common one is depicted in Fig. 1.16. (a), where a current feedback loop is responsible
for shaping the input current in accordance to the input voltage, usually referred as
Multiplier Based Control (MBC). This technique is normally used with converters
working in Continuous Conduction Mode (CCM) [1.81], [1.82]. Another massively used
method for an LFR performance, shown in Fig. 1.16. (b), is achieved by some dc-dc
converters that in certain operating conditions intrinsically perform as an LFR, referred
as Voltage Follower Control (VFC) [1.83] [1.84]. Furthermore, an LFR performance can
almost be achieved by means of a One-Cycle Control (OCC) [1.85], Voltage Controlled
Compensation Ramp Control (VCCRC) [1.86] or Nonlinear-Carrier Control (NLCC)
[1.87], as long as the current ripple on the main inductance can be considered negligible.

In particular, a boost converter, or any of the converters derived from this topology
are able to perform as an ideal LFR in accordance to all three presented strategies. Thus,
it is able to achieve it by working in CCM with a MBC, in VFC by operating the boost in
Boundary Conduction Mode (BCM) and in OCC, VCCRC or NLCC. In a similar fashion,
a buck-boost converter is able to achieve all presented strategies, but its control as a VFC
is inherently obtained by operating in Discontinuous Conduction Mode (DCM).

In this section, out of the three conventional de-dc converters (i.e. buck, boost and
buck-boost) the buck was not discussed at all. The reason comes from the intrinsic
behaviour of a buck converter which is only able to reduce its input voltage to a lower
output voltage. This fact renders the converter unable to demand a sinusoidal current
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Fig. 1.16. Some LFR implementations. (a) Multiplier Based Control. (b) Voltage Follower Control.

+
Vin(t)
3 2—




21 Chapter 1: Introduction

because of the input voltage variation, as there are regions close to the zero crossing in
which the buck converter is not able to conduct, thus making it unable to satisfy the
condition set by (1.10). Hence, the buck family of converters is only able to demand a
sinusoidal current during a certain conduction angle [1.88]. This behaviour hinders their
performance as a PFC and is the main reason why they are traditionally neglected for ac-
dc LED drivers with a pi, higher than 25 W, where unity PF is almost mandatory to
comply with the harmonic injection regulation.

1.4.1.2.2 Single-stage solutions

Active single-stage ac-dc solutions are massively used in ac-dc LED drivers due to
their low cost and simplicity over the conventional two stage solution. In contrast, some
limitations appear on the requirements set at the start of this section: the electrolytic
capacitor cannot always be removed, the efficiency tends to be low (i.e., < 90%) and the
dc voltage conversion ratio needs to be high. The removal of the electrolytic capacitor is
normally performed with a second stage that compensates the low frequency ripple on
the output voltage. However, achieving this in a single-stage ac-dc converter is not an
easy task and more components are required. In that sense, some authors propose the use
of valley-fill circuits [1.89]-[1.91] similarly to what was shown in Fig. 1.14. (a). The
proposal is able to remove the electrolytic capacitor at the cost of having an increased
amount of passive components and a low efficiency.

Another alternative to remove the electrolytic capacitor, in single-stage ac-dc
converters, is distorting the input current. Some authors have proposed the injection of
the third, fifth or even seventh harmonics attempting to reduce the heavy pulsation of the
input power if a pure sinusoidal current is demanded [1.92]-[1.95]. The analysis shows
for ac-dc LED drivers that requirements with ENERGY STAR® can be met in terms of
PF, however, ensuring compliance with Class C IEC 61000-3-2 still requires the use of
an electrolytic capacitor. Hence, the distortion of the input current is particularly
interesting for ac-dc LED drivers dedicated to retrofit LED lamps (i.e., pin < 25 W). This
opens a handful of simple active solutions, even if the electrolytic capacitor is not
removed considering the cost is the main concern, as are: the use of Active Input Current
Shapers (AICS), or buck converter and its multiple variants, normally neglected for PFC.

Several solutions for retrofit LED lamps have been proposed based on using
non-isolated buck converters either as a single-stage or quasi-single-stage [1.96]-[1.101],
[1.146], see Fig. 1.17. (a), isolated converters from the buck family [1.102], [1.147], using
an LFR as the limiting resistor rendering an AICS [1.103], as depicted in Fig. 1.17. (b),
or even a more traditional AICS approach based on a quasi-single-stage [1.104], [1.105],
see its equivalent circuit in Fig. 1.17 (c). The converters from the buck family show better
efficiencies than the ones from the buck-boost family, with the limitation of the
conducting angle that is able to comply with the regulation set for LED lamps.

As regards the solution based on using an LFR to limit the current on the LEDs, it
should be noted that it is able to achieve a high step-down ration between input and output
voltage with a simple approach requiring an isolated converter working as an LFR. This
solution slightly distorts the input current demanded rendering an AICS, whose main
drawback is its inability to remove the electrolytic capacitor [1.103]. Continuing the
analysis with the traditional AICS approach, its operation is based on integrating an AICS
with a dc-dc converter. This solution is able to remove the electrolytic capacitor allowing
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a certain ripple to appear on the intermediate bus capacitor (i.e., Cg), causing some
distortion to appear on the input current. The main drawbacks of this solution are its low
efficiency and its narrow input voltage range operation [1.104], [1.105].

That being said, the simplest and most massively used converter in single-stage ac-dc
LED drivers for both power ranges, with its multiple variants, is the flyback converter
[1.106]. A flyback converter, see Fig. 1.17. (d), is a converter from the buck-boost family
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Fig. 1.17. Some examples of LED drivers for retrofit lamps. (a) Buck converter. (b) Equivalent circuit of
the LFR based AICS. (c) Equivalent circuit of the traditional quasi-single-stage AICS. (d) Flyback converter.
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that includes galvanic isolation thanks to its coupled inductor [1.83]. By being a member
of the buck-boost family, it is able to achieve unity PF and PFC naturally by working in
DCM, which simplifies its control. In contrast, the converter is unable to remove the
electrolytic capacitor, unless any of the forthcoming methods depicted in Fig. 1.18 is used,
and it suffers from low efficiencies due to the passive snubber used in low cost solutions
to protect the main switch from voltage spikes caused by the leakage inductance of the
couple inductor [1.107]-[1.120].

Continuing on the proposals to remove the electrolytic capacitor, the last ones are
those that fall into what can be considered quasi-single-stage ac-dc converters. These
converters do not fall strictly into the single-stage category but they cannot be considered
as part of the multi-stage category either. Such are the ones that include a bidirectional
dc-dc converter in parallel with the LEDs [1.121]-[1.127], the ones based on multi-output
ripple cancellation [1.128]-[1.135] or the ones that combine the first and the second stage
under shared switches [1.136]-[1.167] based on the concept proposed in [1.168]. In the
first scenario, see Fig. 1.18. (a), the bidirectional converter handles the pulsating power
(i.e., pcar(t)) of Cg consequently diminishing its size. In addition, Car can have a reduced
capacitance as its charge and discharge is done more efficiently in comparison to the grid
pulsating power, and unlike the two stage solution, the bidirectional converter does not
process all the power. It should be noted that this solution based on a capacitor can have
its equivalent inductance based on a series converter; however, the required inductance is
much bulkier, thus it is avoided for ac-dc LED driver. A similar principle is applied in the
multi-output voltage ripple cancellation solution, see Fig. 1.18. (b), in which a certain
voltage ripple is allowed on Cg due to its size reduction which is compensated by the
dc-dc converter responsible for cancelling it in order to drive the LED load with a dc
current. For that reason, the output of the dc-dc converter will be a voltage waveform with
its phase inverted from the output voltage of the PFC converter. The aforementioned
quasi-single-stage solutions present high efficiencies at the cost of a complex control,
higher cost and low bandwidth on the output current feedback loop. In fact, this complex
control would in most cases require the use of digital control, which can also be seen as
a drawback, as analog control is preferred for single-stage ac-dc LED drivers.

The last of the quasi-single-stage solutions discussed in this section, see Fig. 1.18. (c),
bases its operation on allowing a certain ripple on Cg similarly to the ripple cancelling
technique. However, this ripple is cancelled at the output of the converter with the help
of a control loop included in the dc-dc converter stage that is able to correct the low
frequency variations. In particular, this case follows the same principle used in two-stage
solutions that will be discussed later on in Subsection 1.4.1.2.3. Then, it is not unexpected
that the presented topologies are based on the most popular multi-stage solutions.
However, the rendered topologies are not as efficient as the two-stage solutions that they
come from, due to stress happening on the switches as a consequence of sharing operation
for both stages, or the aforementioned quasi-single-stage, due to the double power
conversion that occurs, which is the trade-off for a more cost effective solution with a
higher power density.

Delving into single-stage ac-dc LED drivers for luminaires (i.e., pin > 25 W), most of
the topologies are shared topologies with the retrofit ones, as long as they demand a
sinusoidal current [1.109]. In the case of luminaires, the preferred solutions are focused
around the buck-boost and the boost converter family. The first is able to provide the
LED with lower voltages while keeping a sinusoidal current. Among the non-isolated
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buck-boost family solutions: the buck-boost [1.138]-[1.145], see Fig. 1.19. (a), the Cuk
[1.169]-[1.172], see Fig. 1.19. (b), the SEPIC [1.162]-[1.167], [1.173]-[1.175], see Fig.
1.19. (¢) and the Zeta [1.176] converters can be found. The last three are normally avoided
in low cost applications due to their increased number of components [1.177], [1.178].
In fact, their isolated variants are barely used in ac-dc LED drivers due to the versatility
of the flyback converter and the fact that their integrated stages with an isolated or non-
isolated dc-dc converter tend to be more efficient, able to remove the electrolytic
capacitor and have a lower component count [1.106].
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Fig. 1.19. Some examples of non-isolated ac-dc LED drivers for luminaires. (a) Buck-boost converter. (b)
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The boost converter, see Fig. 1.19. (d), can also be used in single-stage ac-dc LED
drivers for luminaires. However the necessity to work with higher voltages has made the
use of this converter situational due to the amount of LEDs required in series for the LED
load, which as have been seen in Section 1.2.2 is not a recommended practice.
Nevertheless, the advances in LED technology have made possible the use of an ac-dc
single-stage boost converter to drive high voltage LEDs [1.179], [1.180]. Otherwise, a
boost integrated with a step-down dc-dc converter can be used to drive LEDs, being either
a conventional [1.149]-[1.155] or a bridgeless PFC boost [1.156]-[1.159]. The latter, has
the same operation as a conventional boost but the low frequency diode bridge is removed
in order to achieve an improvement in its efficiency.

The isolated variations of the boost converter family, also referred as current-fed
isolated converters, are rarely used in PFC due to the several issues they present, such as,
complex transformer design, the need for demagnetization path for their main inductance
or inductances, or complementary signals in comparison to the traditional controllers. It
is because of these issues that their potentially higher efficiency is hindered achieving a
similar level to that of the buck-boost family isolated converters [1.181]. Nonetheless,
some works of single-stage ac-dc current-fed isolated converters have been proposed in
literature, such as, a current-fed push-pull [1.182], see Fig. 1.20. (a) or a current-fed full-
bridge [1.183], see Fig. 1.20. (b). In the previous literature, the use of these topologies to
implement LED drivers can be found, particularly a push-pull converter is in [1.184]. The
proposal does not address any of the aforementioned issues, achieving a very low
efficiency while suffering at the same time from high voltage stress on the main switches.
Furthermore, due to the lack of commercially available analog controllers for the driving
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of current-fed topologies, the control is normally implemented digitally, which in this
particular scenario can be considered a drawback as its cost and complexity increases.

As regards the dynamic response of single-stage ac-dc LED drivers, it is normally
slow due to the low bandwidth output current loop required to filter the low frequency
harmonics from the mains that appear on the output current. This is not the case for most
solutions that integrate a two-stage ac-dc LED driver or in the upcoming multi-stage ac-dc
LED drivers, as the second stage can provide a higher bandwidth. Nonetheless, the
dynamic response is unimportant for LEDs as they are considered a slow load, as long as
the low frequency output ripple is cancelled [1.18].

1.4.1.2.3 Multi-stage solutions

Conventionally, in PFC, two-stage solutions have been used to drive dc loads, see Fig.
1.21. (a) [1.80]. The first stage is dedicated exclusively to perform PFC by using
topologies that could achieve unity PF and provide the second stage with an almost
constant voltage. Consequently, the second stage is dedicated to ensure an adequate
voltage or current level on the dc load and correct the low frequency ripple that appear
on Cg due to its lower capacitive value to achieve the removal of the electrolytic capacitor.
It should be noted that for the power range in which the multi-stage solution is used (i.e.,
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the driving of LED luminaries), the inclusion of galvanic isolation is recommended and
tends to be mandatory. In fact, galvanic isolation can be included either in the first or the
second stage. Although it can be done in the first stage by means of a flyback converter,
this implementation suffers from low efficiencies and a bulkier capacitor due to the lower
power density of low voltage capacitors in comparison to high voltage ones [1.55],
[1.186]. Considering this fact, the inclusion of galvanic isolation is normally performed
in the second stage.

It is commonplace to think that a two-stage solution would be less efficient than the
previously presented single stage solutions. The reasons are the increased number of
components and the double power conversion. Even so, the two-stage solution overall
performance is better in terms of efficiency and reliability, due to the better optimization
of'its tasks in its two different stages and the removal of the electrolytic capacitor [1.185].

The aforementioned reasons make the use of two-stage solutions a reality for ac-dc
LED drivers. However, as it has been mentioned before, the cost and complexity are the
most limiting factors in most applications. Hence, these solutions are normally used for
high performance luminaires (i.e., achieving full dimming and flicker free performances)
in which reliability and efficiency are of utmost importance. In fact, ac-dc LED drivers
occasionally add a cascaded extra stage, referred in previous literature as a post-regulator
stage [1.44], see Fig. 1.21. (b). The post-regulator is connected directly to the LED string,
requiring as many post-regulators as there are LED strings in the LED load, and is
responsible for actively sharing the current between strings to ensure an adequate light
output of the luminaire.

In the previous section different solutions to implement the PFC stage have been
evaluated. Particularly for multi-stage LED drivers, the most common topology is the
PFC boost converter working in either Continuous Conduction Mode (CCM) or
Boundary Conduction Mode (BCM) to achieve unity PF. The latest trends are focused on
using its bridgeless variants to achieve higher efficiencies by removing the input diode
bridge rectifier [1.187], [1.188], making the use of digital control mandatory.
Nonetheless, its cost and complexity is justified in multi-stage solutions considering their
aim for higher reliability and performances, even though traditionally in PFC analog
combo controllers have been used [1.189]. That being said, the focus of this section will
be put on the other stages: the isolated dc-dc converter and the post-regulator.

Traditionally the second stage provides fast output voltage response and galvanic
isolation. In the case of an LED load, the main characteristic that needs to be fulfilled is
the cancelling of the low frequency ripple of the PFC converter while achieving a high
efficiency. There is a limited spectrum of isolated solutions that can achieve this
performance by means of a fast output feedback loop or a feed-forward input closed-loop,
while guaranteeing a flicker free light output. In fact, there are two favored solutions over
simpler ones, such as the flyback [1.190], for this particular application: the LLC resonant
converter, that can be found either in its half-bridge, see Fig. 1.22. (a), or full-bridge
configuration, or the Asymmetrical Half-Bridge (AHB), see Fig. 1.22. (b).

In the case of the AHB, this stage is able to provide high reliability and high efficiency
by reaching Zero Voltage Switching (ZVS) in the primary switches [1.191]-[1.195]. In
addition, the control scheme and the limited output voltage range required for the driving
of LEDs allow a small design for its output filter. In fact, the low voltage range makes it
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Fig. 1.22. Preferred solutions for the dc-dc isolated stage of a multi-stage ac-dc LED driver. (a) Half-
bridge resonant LLC (b) Asymmetrical Half-Bridge (AHB).

possible to implement self-driving techniques when using synchronous rectification in
the secondary side of the transformer [1.193]. On the contrary, the duty cycle range is
limited to variations between 0 and 0.5, the potential bandwidth of its output feedback
loop is limited due to the resonance that occurs between the input capacitors and the
magnetizing inductance, and the dc gain is not linear. Some authors have proposed
different techniques to overcome the bandwidth limitation to cancel the voltage ripple,
such as the use of a feed-forward loop [1.193], [1.194]. Others have proposed the use of
the Zeta AHB (ZAHB), which solves the two main disadvantages of the AHB, as are non-
linear gain and the duty limitation [1.196].

The LLC resonant converter has been widely used for LED driving due to its high
efficiency achieved by obtaining soft-switching in its main switches [1.197]-[1.205].
However, ZVS is achieved during the turn-on on the primary switches and Zero Current
Switching (ZCS) is achieved on the diodes for singular conditions. These conditions limit
the operating frequency to lower values than the resonant tank. Hence, when the load
reduces the operating frequency will surpass that of the resonant tank, which means that
the turn-off losses will increase. Some of the issues related to obtaining soft-switching

conditions in in this topology are improved for wider power ranges with the help of other
resonant tanks [1.206]-[1.208].

According to the previous literature, the introduced second stages are able to remove
the electrolytic capacitor without incurring in flicker, achieve high efficiencies (i.e., >
97%) and perform total dimming. However, they are unable to ensure a correct light
output in complex LED loads due to the lack of current control on each of the strings,
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unless one of the current sharing techniques described in Section 1.2.2 is used.
Consequently, for the scope of multi-stage solutions the implemented current sharing
method needs to be extremely efficient. This statement discards the linear based regulator
and the passive resistor current sharing techniques because of their low efficiencies,
reducing the solutions to the use of a post-regulator per string [1.42]-[1.44], [1.210]-
[1.213] or a PWM dimmer per string [1.214], [1.215]. Another possibility is the
integration of the post-regulator with the isolated dc-dc converter to reduce the cost and
achieve active current sharing by means of multi-output converters [1.206], [1.209]. The
issues with the integration come from the requirement of several high frequency
transformers, which would make the ac-dc LED driver bulkier, and require a complex
control to ensure the active current sharing. For this particular application, the buck
converter is the preferred solution.

Among the newer trends that could be found in literature to reduce the cost of the
second stage or the post-regulator is the driving of LEDs with high frequency pulsed
current, also referred in literature as High Frequency (HF) AC-LED. Unlike the
LF AC-LED described in Subsection 1.4.1.1, the HF AC-LED does not incur in flicker
due to the high frequency used. In fact, the difference with a PWM dimming pulsed
current is using the switching frequency output current of a de-dc converter by removing
the output filter responsible for obtaining a dc current. This method has been applied to
isolated dc-dc converters driving LEDs with a HF sinusoidal waveform [1.207], [1.216],
[1.217], a flyback working in DCM pulsed current, therefore, the driving is performed
with a triangular waveform [1.218], [1.219] and a self-oscillating driving the LEDs with
a quasi-sinusoidal waveform [1.220]. None of the authors had empirically demonstrated
the impact of pulsed current driving of LEDs on their lifetime, since they incur in some
cases in extremely high current peaks to achieve an adequate dc current level. Moreover,
some of them require the duplication of the LED strings [1.207], [1.216], [1.217] not
justifying the cost reduction, as the switching output current of the isolated dc-dc
converter is required to be rectified.

1.4.1.2.4 Modular solutions

Modular solutions are rarely used on ac-dc LED drivers due to the increased amount
of components and complexity, potentially reducing the reliability of the driver.
Nevertheless, some authors have studied solutions based on stacking several converters
in series connected to the ac grid [1.121], see Fig. 1.23. (a). This technique allows the use
of cheaper and more efficient semiconductors due to the reduction of voltage and current
withstood by them, but the overall power density is reduced due to the size limitation of
the control stage, requiring another feedback loop to control the power demanded by each
module. Furthermore, it is able to reduce the size of the output capacitor by stacking
several capacitors; however, the removal of the electrolytic capacitor is not achieved
naturally.

The other solution, which is well-known in PFC, can be implemented with an input-
parallel connection. The idea behind this one is connecting several PFC converters in
parallel at its input and phase shifting their PWM in such a manner that the sum of the
input currents reduces the ripple of the input current of the ac-dc LED driver [1.221]-
[1.223], not requiring for the LED loads to be connected in between, see Fig. 1.23 (b). In
fact, the more converters there are the lower the overall current ripple is. This method is
referred in literature as interleaving and can be achieved both in open or closed loop with
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Fig. 1.23. Modular solutions for LED drivers. (a) Input-series. (b) Input-parallel with interleaving.
any ac-dc or dc-dc converter. Consequently, it is used with the ones that present
significant input current ripples in order to reduce it, as those working in DCM or BCM
[1.224], [1.225]. The main reason for using this technique is the reduction in size of the
EMI filter, which grows larger with the input current ripple, affecting both the size and
weight of the LED driver [1.226]. It should be noted that this technique does not impact
the removal of the electrolytic capacitor and that the reduction of the EMI filter needs to
consider the increased amount of components, as well as, the increase in size and control
complexity of a modular solution.

1.4.2  Three-phase LED drivers

Along Section 1.4.1, it has been seen that the removal of the electrolytic capacitor is
crucial to increase the lifetime of the ac-dc LED driver for it to be comparable to that of
the LEDs. The reason behind is the pulsating power of the ac grid which would result in
a flicker effect on the light output of the LED load, which is both annoying and hazardous
for human beings. This is not the case for a balanced three-phase ac power grid and all
the required extra stages to remove said component can be disposed of. As outstanding
as this is, there are two important limitations that prevent three-phase ac-dc LED drivers
from being massively used.

Firstly, the lack of voltage standardization. Unlike single-phase power grids, in which
the voltage is limited between 80 and 270 V, three-phase ac power grids show a wider
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range depending on the country and power of the grid. For low voltage three-phase ac
power grids, the rms line-neutral voltage is nominally 347 V in Canada, 480 V in the US
[1.227] or 230 V in the European Union with the exception of the UK with 240 V.
Although the proposal of a universal three-phase ac-dc LED driver seems complex and
inefficient, it is not such a limiting factor to use regionally designed LED drivers, when
the improvement in cost and simplicity is justified. In fact, considering the scope of power
for medium to high power luminaires (i.e., 50 W to 10 kW) the mobility requirement of
universal PFC solutions can be completely disregarded.

And secondly, three-phase ac power grids are not as readily available as single-phase
ones. This fact reduces the applicability of this solution, since household ac-dc LED
drivers represent most of the current LED driver, and wiring three-phase ac power grids
to household environments is costly for the benefits obtained. Therefore, three-phase ac-
dc LED drivers are proposed for those places where the three-phase ac power grid is
accessible, such as, commercial and industrial installations. The application can then be
focused on medium power bulbs, tunnel lights, stadium spotlights, floodlights, etc.
Particularly, for those luminaires of more than 250 W that require high reliability and
efficiency.

These two reason are key to understand the most common way used nowadays to
drive LEDs in three-phase ac power grids. The method is based on using a step-down
autotransformer connecting it between line and neutral to adjust the voltage to that of a
single-stage ac-dc LED driver [1.228]. This methodology requires access to neutral,
limiting the use of this solution to 4-wire grids. It also reduces the efficiency of the system
greatly due to the losses of the autotransformer which can achieve in the best case 95%
efficiency. Furthermore, the most important aspect is the increase in size and weight that
a LF autotransformer does to the whole system [1.229].

In order to solve the aforementioned issues the use of specific three-phase ac-dc
converters to drive LED loads increasing both efficiency and power density while
guaranteeing non-flicker performance have been proposed [1.230], [1.231]. This section
will focus on the most promising solutions for LED driving based on three-phase ac-dc
considering the lack of previous literature on the topic.

1.4.2.1 Single-stage solutions

Following the same principle introduced for single-phase ac-dc single-stage solutions,
the aim would be to comply with Class C from IEC 61000-3-2, which as a reminder is
the most restrictive of the two harmonic injection regulations that a three-phase ac-dc
LED driver will need to comply with, being the other Class A from IEC 61000-3-2.
Hence, the studied solutions would require sinusoidal input current waveforms in phase
with their respective phase voltage. These topologies can be further divided into single-
switch and multi-switch categories in accordance to the amount of active switches used.
The first ones are the most attractive for LED drivers in terms of cost and reliability.
Among these solutions there are two that stand out from the rest, as are the three-phase
ac-dc single-switch boost converter, see Fig. 1.24. (a), and the three-phase ac-dc single-
switch flyback converter, see Fig. 1.24. (b).

The three-phase ac-dc single-switch boost converter is able to achieve a quasi-LFR
performance in DCM or in pseudo-BCM depending on the gain of converter (M)
[1.232]-[1.237]. In fact, the higher the converter gain, the lower the THD, requiring at
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least a gain of 3 and 2.2 to ensure the compliance with Class C from the IEC 61000-3-2
in DCM and pseudo-BCM, respectively. In this particular case, the LED load will be
withstanding high voltages (i.e., a minimum of 1 kV for DCM and 800 V for pseudo-
BCM under the European input voltage standard.) Nonetheless, this task can be alleviated
with the latest technology of HV LEDs. Moreover, due to the high voltage bus the main
switch will incur into higher switching losses and soft-switching will become necessary
to achieve an efficient solution. Some authors have proposed the use of passive filtering
the input current to achieve lower bus voltages and lower THDs at the cost of increasing
weight and size which is undesirable for an LED driver [1.236].

In a similar fashion, a dc-dc flyback converter can be connected to a three-phase
rectifier, by doing so, galvanic isolation is achieved. However, the LFR performance of
the flyback in this configuration will make the input currents of each phase not to be
ideally sinusoidal since the conduction angle is 120°, not complying with the
aforementioned regulation. In order to solve this issue, an LFR performance needs to be
achieved per phase. For that matter, some authors have proposed the three-phase ac-dc
single-switch flyback converter, see Fig. 1.24. (b), in which a coupled inductor with two
input windings is used for each phase. The upper winding conducts during the positive
half line cycle of the voltage phase and the lower winding during the negative one [1.238],
[1.239]. Accordingly, the operation of the driver is equivalent to the use of a flyback per
phase achieving the desired operation. However, its PF roughly reaches 0.9 for the higher
voltages of the European three-phase ac power grid, its efficiency is well below the
desired 90% for an ac-dc LED driver, the design tolerances of the coupled inductances
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Fig. 1.24. Single-switch three-phase ac-dc solutions for LED drivers. (a) Boost converter. (b) Flyback
converter.
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can severely affect the current ripple on the LED load, and the main switch needs to
withstand high voltages and currents [1.230]. These characteristics make this driver
unfitting for luminaires of more than 200 W, which is the desired range of power for this
kind of solution. Furthermore, the importance of galvanic isolation introduced for single-
phase ac-dc LED drivers to meet the safety requirements, becomes inconsequential for
their three-phase counterpart considering the aim for high power luminaires in
inaccessible places which only authorized personnel should have access to.

Taking into account this last statement and in search of more efficient ac-dc LED
drivers, multi-switch ac-dc three-phase can be considered into this study. Consequently,
the simplest topology that can achieve unity PF is the multi-switch boost converter, see
Fig. 1.25. (a) [1.240]-[1.243]. In fact, this topology achieves lower voltages on the output
bus than the single-switch one previously introduced while keeping a sinusoidal input
current. The condition to achieve unity PF requires the output voltage to be greater than
the output dc voltage attained by the six diode rectifier bridge formed by the parasitic
diodes of each MOSFET, which can be defined by,

3
vO:x/EvNE, (1.11)

where vy defines the rms voltage of a certain phase, considering that N can either be R, S
orT.

Continuing the analysis, some authors have tackled the design of three-phase multi-
switch ac-dc LED drivers by means of switched capacitor converters, see Fig. 1.25. (b)
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[1.231]. These ac-dc LED drivers can achieve high power density, high efficiency, do not
require current sensing to maintain a stable light and can have lower output voltages than
(1.11). In contrast, the proposal requires variable frequency operation, controls the
voltage withstood by the LED load instead of its current, cannot achieve full dimming
condition and require several active switches and diodes, which will hinder its reliability.

1.4.2.2 Multi-stage solutions

Another possibility to attain input sinusoidal waveforms is the use of multi-stage
solutions. Unlike single-phase ac-dc multi-stage solutions, in which the isolated dec-dc
converter could remove the low frequency ripple across the LED load, three-phase ac-dc
LED drivers can naturally remove the low frequency ripple with a single-stage, hence,
disposing the electrolytic capacitor due to the non-pulsation of the power grid on the load.
Therefore, the actual use of this second stage would be focused on adapting the voltage
and current levels to those required by the LED load and provide galvanic isolation. For
that matter, the purpose of the second stage is closer to the post-regulator or third stage
of the single-phase ac-dc multi-stage scheme. The topologies normally used for the
second stage are similarly based on the ones introduced for the single-phase multi-stage
LED drivers due to the requirement of a high step-down gain [1.244], [1.245] (i.e., LLC
or AHB).

In regard to the first stage, it is traditionally comprised of the three-phase multi-switch
ac-dc boost previously introduced, because of its higher efficiency and its ability to
achieve PFC. This higher efficiency becomes necessary in order to be able to compete
with single-stage based solutions as the two stages will hinder the efficiency of the three-
phase ac-dc LED driver. However, one of the main advantages, which is bi-directionality,
will not be leveraged with an LED load. In addition, the increased amount of components,
which increment cost and diminish reliability, the arguably lower efficiency of the whole
driver and the lack of purpose of the second stage responsible for removing the
electrolytic capacitor for the single-phase scenario, have made the use of three-phase
multi-stage ac-dc LED drivers unattractive.

1.4.2.3 Multi-cell solutions

Considering the amount of components used for the three-phase multi-stage ac-dc
LED drivers, another feasible solution was proposed by Delco as a three-phase rectifier
using thyristors as the main switches for a resistive load [1.245]. The approach is based
on having several ac-dc converters with PFC (i.e., PFC converters), which will be defined
as cells, each connected to a phase and working as an LFR, see Fig. 1.26. These ac-dc
converters require galvanic isolation in order to be able to connect their outputs in parallel.
By doing so, the electrolytic capacitor can be removed as there is no actual pulsation of
power on the load, as has been explained several times before in this section.

The multi-cell approach is more complex from a control point of view since they add
more components and are arguably more expensive than the three-phase single-switch
single-stage ac-dc LED drivers, and require the use of a central control unit. This central
control unit will be responsible for ensuring each of the modules processes the same
amount of power and of its correct start-up, normally requiring a digital control for this
purpose. In contrast, they have a better trade-off between output voltage and THD than
the aforementioned three-phase single-switch single-stage ac-dc LED drivers.



36 Chapter 1: Introduction

'R
PFC

converter

Y

nnmmnm

gl

N~

S
PFC =Y

N
converter N
C, N

}“§* T :

Vr(t) VR(t)m-i-

O—
/ 2\ Vs(t)®+ li(,t)
¢ VT(t)/‘\+ ll(,t)

&

laanal

S lIBES

~—

)
PFC

converter

Y

laaaal

5]

~—

P P B

Fig. 1.26. Multi-cell three-phase rectifier based on using three single-phase PFC converters with fictional
neutral connection.

Moreover, the design of each module is equivalent to that of a single-phase ac-dc
converter with PFC, which simplifies and improves the power scaling of the ac-dc LED
driver. As has been introduced before in Subsection 1.4.1.2.1, an LFR performance is
required to attain PFC, particularly for this case with galvanic isolation. Therefore, the
simplest way to achieve this performance is by means of an isolated topology from the
buck-boost family working in DCM. For that matter, some authors have proposed to use
the following topologies as cells, the flyback converter [1.247], [1.248], the Cuk converter
[1.249] or the SEPIC converter [1.250]. The issue is the same one introduced before
regarding the low efficiencies achieved by these converters in comparison with a two-
stage solution. Therefore, it is also possible as introduced by other authors, the use of a
two-stage cell approach in order to achieve higher efficiencies [1.251]. In contrast, the
control and amount of components included in this solution increases dramatically,
becoming of interest for high power luminaires (i.e., > 1 kW).
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1.5 Objectives and contributions

The objective of this dissertation is the development of more efficient solutions
(i.e., > 90%) to drive LEDs in ac power grids while complying with the regulations
introduced in Section 1.3, while aiming to dispose of the electrolytic capacitor in most
scenarios. For that matter, the state of the art was carefully compiled and studied in order
to evaluate feasible solutions in an already crowded research environment, as has been
discussed throughout Section 1.4. Furthermore, the scope of the analysis has been
widened from the conventional single-phase ac-dc solutions to the driving of LEDs in
three-phase ac power grids.

The contributions of this work can then be summarized as,

a multi-cell three-phase ac-dc topology based on the concept of LFRs to drive
LEDs. Each diode of the conventional three-phase rectifier is connected in series
with an LFR that will shape adequately the current of each phase to achieve PFC.
The proposed topology is carefully studied attaining its steady state and dynamic
analysis. Then, it is compared with the conventional Delco topology in order to
foresee the scope of application of both topologies for LED driving in three-
phase ac power grids which are naturally able to remove the electrolytic
capacitor. (Chapter 2.3)

a multi-cell three-phase ac-dc topology based on controlling independent LED
loads per phase is also proposed. Each LED load is driven with high current
ripple to remove the electrolytic capacitor. The pulsating light output of each
phase is summed by taking advantage of the light properties and the three-phase
ac power grid, rendering a constant light output due to the low frequency
components being cancelled in between. (Chapter 2.4)

a comprehensive analysis is carried out into the previous topology for the boost
converter studying its performance with an LED load under low output
capacitances, which causes high output current and voltage ripples. Hence, the
mathematical limits between CCM and DCM need to be reevaluated as these
high output current and voltage ripple conditions are not considered in the
current literature. (Chapter 2.4)

a single-stage single-phase ac-dc converter based on a dual inductor current-fed
push-pull. The proposed topology is carefully studied in steady state and
dynamically. The proposed control method is also studied based on interleaving
adequately the main switches. (Chapter 3)

a post-regulator stage in which the LEDs are used as the rectifier of the basic dc-
dc converter that comprises the post-regulator stage. These family of converters
suffer from the reverse recovery effect on the diode, hence family of converters
based on full wave ZCS Quasi-Resonant Converters is also proposed to remove
this undesired effect. For the latter, a mathematical analysis is carried out in order
to attain a static model that can both foresee the performance and study the
conditions to guarantee both ZCS operation and the diminishment of the reverse
recovery effect. (Chapters 4.1 and 4.2)

areliability testing of experimental prototypes to determine the effects of reverse
recovery effect on the lifetime of the LEDs. In the process, different current
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waveforms (i.e., dc current and pulsed current) are also compared in terms of
their effect on the lifetime of the LEDs. (Chapter 4.3)

As the outcome of this dissertation, several scientific papers have been published in
international journals and conferences:

I. Castro, D. G. Lamar, M. Arias, M. M. Hernando and J. Sebastian, "Multicell
Three-Phase AC-DC Driver for HB-LED Lighting Applications," in IEEE
Transactions on Industry Applications, vol. 53, no. 4, pp. 3803-3813, July-Aug.
2017.

I. Castro, K. Martin, A. Vazquez, M. Arias, D. G. Lamar and J. Sebastian, "An
AC-DC PFC Single-Stage Dual Inductor Current-Fed Push—Pull for HB-LED
Lighting Applications," in IEEE Journal of Emerging and Selected Topics in
Power Electronics, vol. 6, no. 1, pp. 255-266, March 2018.

L. Castro, D. G. Lamar, M. Arias, J. Sebastian and M. M. Hernando, "Three phase
converter with galvanic isolation based on Loss-Free Resistors for HB-LED
lighting applications," 2016 IEEE Applied Power Electronics Conference and
Exposition (APEC), Long Beach, CA, 2016, pp. 822-829.

J. Sebastian, 1. Castro, D. G. Lamar, A. Vazquez and K. Martin, "High power
factor modular polyphase AC/DC converters with galvanic isolation based on
Resistor Emulators," 2016 IEEE Applied Power Electronics Conference and
Exposition (APEC), Long Beach, CA, 2016, pp. 25-32.

I. Castro, K. Martin, D. G. Lamar, M. Arias, M. M. Hernando and J. Sebastian,
"Single-stage AC/DC dual inductor BCM current-fed push-pull for HB-LED
lighting applications," 2016 IEEE Energy Conversion Congress and Exposition
(ECCE), Milwaukee, WI, 2016, pp. 1-8.

I. Castro, S. Lopez, K. Martin, M. Arias, D. G. Lamar and J. Sebastian, "High
frequency dc-dc AC-LED driver based on ZCS-QRCs," 2017 IEEE Energy
Conversion Congress and Exposition (ECCE), Cincinnati, OH, USA, 2017, pp.
3688-3695.

I. Castro, M. Arias, D. G. Lamar, M. M. Hernando and J. Sebastian, "Modular
three-phase ac-dc converter based on summing the light output of each
phase," 2018 IEEE Applied Power Electronics Conference and Exposition
(APEC), San Antonio, TX, 2018, pp. 1-1.

Some contributions have also been made in national conferences:

I. Castro, D. G. Lamar, M. Arias, J. Sebastian y M. M. Hernando, "Convertidor
CA/CC trifasico basado en resistencias libres de pérdidas para alimentar LED de
alta eficiencia", XXIII Seminario Anual de Automatica, Electronica Industrial e
Instrumentacién 2016 (SAAEI’16), Elche (Espaiia) 6 al 8 de Julio de 2016.

I. Castro, K. Martin, M. Arias, D. G. Lamar, M. M. Hernando y J. Sebastian,
"Convertidor CA/CC en una Unica etapa para HB-LED, basado en un PUSH-
PULL de doble inductancia alimentado en corriente", XXIV Seminario Anual
de Automatica, Electronica Industrial e Instrumentacion 2017 (SAAEI’17),
Valencia (Espafia) 5 al 7 de Julio de 2017.
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e [ Castro, M. Arias, D. G. Lamar, M. M. Hernando y J. Sebastian, "Convertidor
modular trifasico CA/CC para aplicaciones LED basado en la suma de luz por
fase", XXV Seminario Anual de Automatica, Electronica Industrial e
Instrumentacion 2018 (SAAEI’18), Barcelona (Espafia) 4 al 6 de Julio de 2017.

1.6 Chapter overview

Chapter 2 studies the feasibility of driving LED loads in three-phase ac power grids
by means of multi-cell three-phase ac-dc converters. The proposal takes advantage of the
intrinsic removal of the electrolytic capacitor due to the non-pulsation of the power in
balanced three-phase power grid. In that respect, it proposes two ac-dc LED drivers, one
with galvanic isolation based on the three-phase full-wave rectifier, and another one
without galvanic isolation based on summing the light output of each phase. Furthermore,
the Delco topology, see Fig. 1.26, is retrieved for this application and adjusted
accordingly to operate as an ac-dc LED driver. More importantly, this chapter includes
the static and dynamic analysis of all three ac-dc LED drivers with special focus on the
desired LFR performance at the input of each phase. Particularly, the operation of cells
in the multi-cell ac-dc LED driver based on summing the light output requires to revise
the limits between Continuous Conduction Mode (CCM) and Discontinuous Conduction
Mode (DCM) due to the high voltage and current ripple allowed at the output of each cell.
The last sections of these chapter are dedicated to the experimental results obtained for
the different three-phase ac-dc LED drivers under study which are compared in between
and with the state-of-the-art solutions, carefully analyzing their advantages and
disadvantages while ensuring compliance with the required regulations.

In Chapter 3 the discussion of using isolated current-fed topologies as single-phase
ac-dc converters is opened, and extended to single-phase ac-dc LED drivers. These
topologies from the boost family achieve an LFR performance by means of control.
However, they present several drawbacks preventing them from achieving outstanding
performances. For that matter, the Dual Inductor Current-fed Push-Pull (DICPP) is
retrieved from literature, see Fig. 3.1, where it is used as a high step-up dc-dc converter,
and studied to operate as an ac-dc converter, proposing a simple control based on one
isolated measurement. In addition its intrinsic interleaving between both inductors is able
to reduce the input current ripple that both inductors present due to their operation in
Boundary Conduction Mode (BCM), while it simpler transformer design improves the
efficiency overcoming most of the aforementioned limitations present in single-phase
current-fed topologies, and achieving a performance comparable to state-of-the-art
single-phase ac-dc LED drivers.

Chapter 4 presents a family of simple converters that are to be connected to a dc
power grid, thus aimed to be used as the post-regulator stage of a multi-stage ac-dc LED
driver. The idea behind this family of converters is based on replacing the rectifier diode
of the conventional dc-dc converters with the LED load. Hence, the LED load will work
both as the load and as the rectifier diode of the converter, being driven by a high
frequency current whose output light human eyes render constant, and being referred in
literature as AC-LED driving. In that respect, the switching performance of the LEDs
needs to be studied with special focus put on the reverse recovery effect. The latter is
avoided by replacing the main switch with a full-wave quasi-resonant switch rendering
the actual family of converters, which is statically analyzed and experimentally validated.
Finally, the chapter compares experimentally the reliability over a period of 700 hours for
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the conventional dc-dc converters, the quasi-resonant AC-LED driver and its non-
resonant version, focusing on observing the impact of the reverse recovery effect and the
different current waveforms on the lifetime of the LEDs.

Chapter 5 concludes this work discussing the most important conclusions extracted
from the theoretical and experimental analysis. This lead to the proposal of future research
around the topic of this dissertation.

The Appendices include:

details the closed-loop operation and design of the output feedback loop for
the proposed three-phase multi-cell isolated ac-dc LED drivers.
(Appendix A)

the analog control circuitry and methodology for the start-up and closed-loop
operation of both the two-stage Delco three-phase ac-dc LED driver and the
three-phase ac-dc LED driver based on summing the light output of each
phase. (Appendix B)

extended information over the mathematical analysis carried out for the
ZCS-QRC LED drivers in Chapter 4. (Appendix C)



41

Chapter 1: Introduction

1.7 References

[1.1]
[1.2]

[1.3]

[1.10]
[1.11]
[1.12]

[1.13]

[1.14]

[1.15]

[1.16]

Yolé Developpement, "Status of the Power Electronics Industry report," July
2017.

N. Mohan, T.M. Undeland and W.P. Robbins, "Power electronics: converters,
applications, and design, " Wiley, 2007.

D. Baker et al., "Severe Space Weather Events—Understanding Societal and
Economic Impacts," Workshop Report, National Academies Press, 2008.
http://map.edu/12507, last accessed Sep. 2017.

IEA Statistics, "Electricity Information 2017", International Energy Agency
Publications, Edition 2017, ISBN 9789264278134, Paris.

J. Kolar, "What are the Big Challenges in Power Electronics", Proc. of 8th
International Conference on Integrated Power Electronic Systems (CIPS)
Keynote presentation, 2014.

U.S. Energy information Administration, EIA. "CBECS 2012: Trends in
Lighting in Commercial Buildings", 2017 [online] Available at:
https://www.eia.gov/consumption/commercial/reports/2012/lighting/
[Accessed 14 Sep. 2017].

Energy Efficiency & Renewable Energy, "2011 Buildings energy data book,"
Building Technologies Program, Table 5.6.9, 2012.

Lumiled, "Luxeon 5050," Product Datasheet, Lumileds Holding B.V., 2017.

J. R. Biard and G. E. Pittman, "Semiconductor radiant diode," U.S. patent 3 293
513A, August 8, 1962.

Y. Nanishi, "Nobel Prize in Physics: The birth of the blue LED," Nature
Photonics, vol. 8, no. 12, pp. 884-886, 2014.

T. W. Murphy Jr., "Maximum spectral luminous eficacy of white light," Journal
of Applied Physics vol. 111, 2012.

M. Wright, "Strategies Unlimited tempers LED ad SSL projections but remains
bullish on sectors," LEDs magazine, vol. 12, no. 4, pp. 31-42, April 2015.

T. Baumgartner, F. Wunderlich, A. Jaunich, T. Sato, and G. Bundy, "Lighting
the way: Perspectives on the global lighting market, " McKinsey Co., Nashua,
NH, USA, Tech. Rep., 2012.

[Online] Available:
https://www.mckinsey.de/files/Lighting_the way Perspectives_on_global lig
hting_market 2012.pdf

D. Karunatilaka, F. Zafar, V. Kalavally and R. Parthiban, "LED Based Indoor
Visible Light Communications: State of the Art," in IEEE Communications
Surveys & Tutorials, vol. 17, no. 3, pp. 1649-1678, thirdquarter 2015.

J. Sebastian, D. G. Aller, J. Rodriguez, D. G. Lamar and P. F. Miaja, "On the
role of the power electronics on visible light communication,”" 2017 IEEE
Applied Power Electronics Conference and Exposition (APEC), Tampa, FL,
2017, pp. 2420-2427.

R. F. Karlicek, "Smart lighting - Beyond simple illumination," 2012 IEEE
Photonics Society Summer Topical Meeting Series, Seattle, WA, 2012, pp.
147-148.



42

Chapter 1: Introduction

[1.17]

[1.18]

[1.19]

[1.20]

[1.21]

[1.22]
[1.23]
[1.24]
[1.25]
[1.26]

[1.27]
[1.28]
[1.29]

[1.30]

[1.31]

[1.32]

[1.33]

[1.34]

R. F. Karlicek, "Smart lighting and the Future of Illumination
Markets," Industry Session, 2016 IEEE Applied Power Electronics Conference
and Exposition (APEC), Long Beach, CA, 2016.

S. Winder, "Characteristics of LEDs" in Power supplies for LED driving, 2™
edition, USA, Newnes, 2016, ch. 2, pp. 9-15.

M. Wood, "How do LEDs work? — A little physics; a little basic semiconductor
theory," Protocol - The Journal of the Entertainment Technology Industry,
2009.

S. M. Sze, Physics of Semiconductor Devices, 2nd ed. New York, NY, USA:
Wiley, 1981.

A. Fischer, "Measuring LED Junction Temperature", Photonics Spectra, 2017
[Online] Available at: https://www.photonics.com/Article.aspx? AID=29860

[Accessed 20 Sep. 2017]

S. S. Li, "Light-Emitting Devices," in Semiconductor Physical Electronics,
New York, 2006, ch. 13, pp. 458-512.

M. Wood, "How do white LEDs work?," Protocol - The Journal of the
Entertainment Technology Industry, 2011.

Sean King, "Luminous Intensity of an LED as a Function of Input Power", ISB
Journal of Physics, June 2008.

N. Pousset, B. Rougie, and A. Razet, "Impact of current supply on LED colour,"
Lighting Res. Technol., vol. 42, no.4, pp. 371-383, August 2010.

Lumiled, "Luxeon Rebel ES," Product Datasheet, Lumileds Holding B.V.,
2016.

Cree, "Cree® XLamp® XB-D LEDs," Product Datasheet, Cree Inc., 2017.
OSRAM, "OSRAM OSLON® SSL 150," Product Datasheet, OSRAM, 2015.
S. Winder, "Driving LEDs" in Power supplies for LED driving, 2™ edition,
USA, Newnes, 2016, ch. 2, pp. 19-33.

M. Arias, A. Vazquez, and J. Sebastian, "An overview of the AC-DC and DC-
DC converters for LED lighting applications," Automatika—J. Control,
Measure., Electr., Comput. Commun., vol. 53, pp. 156-172, 2012.

J. Zhang, L. Xu, X. Wu and Z. Qian, "A Precise Passive Current Balancing
Method for Multioutput LED Drivers," in IEEE Transactions on Power
Electronics, vol. 26, no. 8, pp. 2149-2159, Aug. 2011.

S. M. Baddela and D. S. Zinger, "Parallel connected LEDs operated at high to
improve current sharing," Conference Record of the 2004 IEEE Industry
Applications Conference, 2004. 39th IAS Annual Meeting., 2004, pp. 1677-
1681 vol.3.

K. I. Hwu and S. C. Chou, "A Simple Current-Balancing Converter for LED
Lighting," 2009 Twenty-Fourth Annual IEEE Applied Power Electronics

Conference and Exposition, Washington, DC, 2009, pp. 587-590.

W. Thomas and J. Pforr, "A novel low-cost current-sharing method for
automotive LED-lighting systems," 2009 13th European Conference on Power
Electronics and Applications, Barcelona, 2009, pp. 1-10.



Chapter 1: Introduction

[1.35]

[1.36]

[1.37]

[1.38]

[1.39]

[1.40]

[1.41]

[1.42]

[1.43]

[1.44]

[1.45]

[1.46]

[1.47]

[1.48]

S. Choi and T. Kim, "Symmetric Current-Balancing Circuit for LED Backlight
With Dimming," in IEEE Transactions on Industrial Electronics, vol. 59, no. 4,
pp- 1698-1707, April 2012.

C. Zhao, X. Xie and S. Liu, "Multioutput LED Drivers With Precise Passive
Current Balancing," in IEEE Transactions on Power Electronics, vol. 28, no. 3,
pp. 1438-1448, March 2013.

X.Qu, S. C. Wong and C. K. Tse, "An Improved LCLC Current-Source-Output
Multistring LED Driver With Capacitive Current Balancing," in [EEE
Transactions on Power Electronics, vol. 30, no. 10, pp. 5783-5791, Oct. 2015.

X. Liu, Q. Yang, Q. Zhou, J. Xu and G. Zhou, "Single-Stage Single-Switch
Four-Output Resonant LED Driver With High Power Factor and Passive
Current Balancing," in IEEE Transactions on Power Electronics, vol. 32, no. 6,
pp. 4566-4576, June 2017.

C. S. Wong, K. H. Loo, Y. M. Lai, M. H. L. Chow and C. K. Tse, "Accurate
Capacitive Current Balancing in Multistring LED Lighting Systems Based on
Switched-Capacitor-Controlled = LCC  Resonant Network," inIEEE
Transactions on Power Electronics, vol. 32, no. 3, pp. 2167-2179, March 2017.

Y. Hu and M. M. Jovanovic, "LED Driver With Self-Adaptive Drive Voltage,"
in IEEE Transactions on Power Electronics, vol. 23, no. 6, pp. 3116-3125, Nov.
2008.

H. J. Chiu, Y. K. Lo, J. T. Chen, S. J. Cheng, C. Y. Lin and S. C. Mou, "A High-
Efficiency Dimmable LED Driver for Low-Power Lighting Applications,"
in IEEE Transactions on Industrial Electronics, vol. 57, no. 2, pp. 735-743, Feb.
2010.

Q. Hu and R. Zane, "LED Driver Circuit with Series-Input-Connected
Converter Cells Operating in Continuous Conduction Mode," in IEEE
Transactions on Power Electronics, vol. 25, no. 3, pp. 574-582, March 2010.
W. Chen and S. Y. R. Hui, "A Dimmable Light-Emitting Diode (LED) Driver
With Mag-Amp Postregulators for Multistring Applications," in IEEE
Transactions on Power Electronics, vol. 26, no. 6, pp. 1714-1722, June 2011.

M. Arias, D. G. Lamar, J. Sebastian, D. Balocco and A. A. Diallo, "High-
Efficiency LED Driver Without Electrolytic Capacitor for Street Lighting,"
in IEEE Transactions on Industry Applications, vol. 49, no. 1, pp. 127-137,
Jan.-Feb. 2013.

M. Day, "LED-driver considerations", Applications Journal Analog and
Mixed-Signal Products, Q1 2004.

J. You, N. Tran, Y. Lin, Y. He and F. Shi, "Phosphor-concentration-dependent
characteristics of white LEDs in different current regulation modes", Journal of
Electronic Matererials, vol. 38, no. 6, pp. 761-766, 2009.

K. H. Loo, Y. M. Lai, S. C. Tan and C. K. Tse, "On the Color Stability of
Phosphor-Converted White LEDs Under DC, PWM, and Bilevel Drive,"
in IEEE Transactions on Power Electronics, vol. 27, no. 2, pp. 974-984, Feb.
2012.

D. Gacio, J. M. Alonso, J. Garcia, L. Campa, M. J. Crespo and M. Rico-
Secades, "PWM Series Dimming for Slow-Dynamics HPF LED Drivers: the



44

Chapter 1: Introduction

[1.49]

[1.50]

[1.51]

[1.52]
[1.53]

[1.54]
[1.55]
[1.56]

[1.57]

[1.58]

[1.59]

[1.60]

[1.61]

[1.62]

[1.63]

[1.64]

[1.65]

High-Frequency Approach," in IEEE Transactions on Industrial Electronics,
vol. 59, no. 4, pp. 1717-1727, April 2012.

B. Lehman and A. J. Wilkins, "Designing to Mitigate Effects of Flicker in LED
Lighting: Reducing risks to health and safety," in IEEE Power Electronics
Magazine, vol. 1, no. 3, pp. 18-26, Sept. 2014.

J. Zhou and W. Yan, "Experimental investigation on the performance
characteristics of white LEDs used in illumination application," 2007 IEEE
Power Electronics Specialists Conference, Orlando, FL, 2007, pp. 1436-1440.

"History", Energystar.gov, 2017. [Online]. Available:
https://www.energystar.gov/about/history-0. [Accessed: 26- Sep- 2017].

ENERGY STAR® Certified Lighting: What types of products earn the label?

ENERGY STAR® Program Requirements Product Specification for Lamps
(Light Bulbs) — Elegibility Criteria, V. 2.0, Oct. 2016.

ENERGY STAR® Program Requirements Product Specification for
Luminaires (Light Fixtures) — Elegibility Criteria, V. 2.0, Jan. 2016.

W. J. Sarjeant, J. Zirnheld and F. W. MacDougall, "Capacitors," in IEEE
Transactions on Plasma Science, vol. 26, no. 5, pp. 1368-1392, Oct 1998.

The Authoritative Dictionary of IEEE Standards Terms, Seventh Edition,"
in IEEE Std 100-2000 , vol., no., pp.1-1362, Dec. 11 2000.

R. D. Henderson and P. J. Rose, "Harmonics: the effects on power quality and
transformers," in IEEE Transactions on Industry Applications, vol. 30, no. 3,
pp- 528-532, May/Jun 1994.

Electromagnetic compatibility (EMC) — Part 3-2: Limits — Limits for harmonic
current emissions (equipment input current < 16 A per phase), document IEC
61000-3-2, 2014.

M. S. Rea, Ed. "The IESNA Lighting Handbook: Reference and Application",
Oth ed. NY: Illuminating Eng. Soc. of North Amer., 2000.

B. Lehman, A. Wilkins, S. Berman, M. Poplawski, and N. Miller, "Proposing
metrics of flicker in the low frequencies for lighting applications, " LEUKOS,
vol. 7, pp. 189-195, 2011.

D. DiLaura, K. W. Houser, R. G. Misrtrick, R. G. Steffy, "The Lighting
Handbook," 10" edition, [lluminating Engineering Society of North America
120, 2011.

"IEEE Recommended Practices for Modulating Current in High-Brightness
LEDs for Mitigating Health Risks to Viewers," in IEEE Std 1789-2015 , vol.,
no., pp.1-80, June 5 2015.

A. V. Oppeneim, A. S. Willsky, and S. H. Nawab, "Signals and Systems,"
Englewood Cliffs, NJ: Prentice-Hall, 1997.

R. Zhang and H. S. h. Chung, "A TRIAC-Dimmable LED Lamp Driver With
Wide Dimming Range," in IEEE Transactions on Power Electronics, vol. 29,
no. 3, pp. 1434-1446, March 2014.

P. Richman, "Wave Factors for Rectifiers with Capacitor Input Filters, and
Other High Crest-Factor Loads," inIEEE Transactions on Industrial

Electronics and Control Instrumentation, vol. IECI-21, no. 4, pp. 235-241, Nov.
1974.



45

Chapter 1: Introduction

[1.66]

[1.67]

[1.68]

[1.69]

[1.70]

[1.71]

[1.72]

[1.73]

[1.74]

[1.75]

[1.76]

[1.77]

[1.78]

[1.79]

N. O. Sokal, K. Sum and D. C. Hamill, "A capacitor-fed, voltage-step-down,
single-phase, nonisolated rectifier," Applied Power Electronics Conference and
Exposition, 1998. APEC '98. Conference Proceedings 1998., Thirteenth
Annual, Anaheim, CA, 1998, pp. 208-215 vol.1.

R. Dayal, K. Modepalli and L. Parsa, "A direct AC LED driver with high power
factor without the use of passive components," 2012 IEEE Energy Conversion
Congress and Exposition (ECCE), Raleigh, NC, 2012, pp. 4230-4234.

Sanghyun Cha et al., "AC/DC converter free LED driver for lightings," 2012
IEEE International Conference on Consumer Electronics (ICCE), Las Vegas,
NV, 2012, pp. 706-708.

K. I. Hwu and W. C. Tu, "Controllable and Dimmable AC LED Driver Based
on FPGA to Achieve High PF and Low THD," in IEEE Transactions on
Industrial Informatics, vol. 9, no. 3, pp. 1330-1342, Aug. 2013.

K. I. Hwu, W. C. Tu and Y. T. Fang, "Dimmable AC LED Driver With
Efficiency Improved Based on Switched LED Module," in Journal of Display
Technology, vol. 10, no. 3, pp. 171-181, March 2014.

Hongbo Gao ef al., "An electrolytic-capacitorless and inductorless AC direct
LED driver with power compensation,” 2015 IEEE 2nd International Future
Energy Electronics Conference (IFEEC), Taipei, 2015, pp. 1-5.

Y. Noge, "Linear AC LED driver with the multi-level structure and variable
current regulator,” 2015 9th International Conference on Power Electronics and
ECCE Asia (ICPE-ECCE Asia), Seoul, 2015, pp. 964-969.

W. Feng, Y. He and F. G. Shi, "Investigation of LED Light Output Performance
Characteristics Under Different Alternating Current Regulation Modes,"
in IEEE Journal of Selected Topics in Quantum Electronics, vol. 17, no. 3, pp.
720-723, May-June 2011.

K. Zhou, J. G. Zhang, S. Yuvarajan and D. F. Weng, "Quasi-Active Power
Factor Correction Circuit for HB LED Driver," in IEEE Transactions on Power
Electronics, vol. 23, no. 3, pp. 1410-1415, May 2008.

S. Y. Hui, S. N. Li, X. H. Tao, W. Chen and W. M. Ng, "A Novel Passive
Offline LED Driver With Long Lifetime," in IEEE Transactions on Power
Electronics, vol. 25, no. 10, pp. 2665-2672, Oct. 2010.

W. Chen, S. N. Li and S. Y. R. Hui, "A comparative study on the circuit
topologies for offline passive light-emitting diode (LED) drivers with long
lifetime & high efficiency,” 2010 IEEE Energy Conversion Congress and
Exposition, Atlanta, GA, 2010, pp. 724-730.

E. S. Lee, B. H. Choi, J. P. Cheon, G. C. Lim, B. C. Kim and C. T. Rim,
"Temperature-Robust LC? Passive LED Drivers With Low THD, High
Efficiency and PF, and Long Life," in IEEE Journal of Emerging and Selected
Topics in Power Electronics, vol. 3, no. 3, pp. 829-840, Sept. 2015.

S. Singer, "Realization of loss-free resistive elements," in IEEE Transactions
on Circuits and Systems, vol. 37, no. 1, pp. 54-60, Jan 1990.

S. Singer and R. W. Erickson, "Power-source element and its properties,"
in IEE Proceedings - Circuits, Devices and Systems, vol. 141, no. 3, pp. 220-
226, Jun 1994.



46

Chapter 1: Introduction

[1.80]

[1.81]

[1.82]

[1.83]

[1.84]

[1.85]

[1.86]

[1.87]

[1.88]

[1.89]

[1.90]

[1.91]

[1.92]

[1.93]

0. Garcia, J. A. Cobos, R. Pricto, P. Alou and J. Uceda, "Single phase power
factor correction: a survey," in IEEE Transactions on Power Electronics, vol.
18, no. 3, pp. 749-755, May 2003.

M. J. Kocher and R. L. Steigerwald, "An AC-to-DC Converter with High
Quality Input Waveforms," in IEEE Transactions on Industry Applications, vol.
1A-19, no. 4, pp. 586-599, July 1983.

L. H. Dixon, "High power factor preregulators for off-line power supplies",
Unitrode Power Supply Design Seminar, 1988, pp. 6.1-6.16.

R. Erickson, M. Madigan and S. Singer, "Design of a simple high-power-factor
rectifier based on the flyback converter," Fifth Annual Proceedings on Applied
Power Electronics Conference and Exposition, Los Angeles, CA, USA, 1990,
pp. 792-801.

J. Sebastian, J. A. Martinez, J. M. Alonso and J. A. Cobos, "Voltage-follower
control in zero-current-switched quasi-resonant power factor preregulators,"
in [EEE Transactions on Power Electronics, vol. 13, no. 4, pp. 727-738, Jul
1998.

K. M. Smedley and S. Cuk, "One-cycle control of switching converters,"
in IEEE Transactions on Power Electronics, vol. 10, no. 6, pp. 625-633, Nov
1995.

J. Sebastian, D. G. Lamar, M. Arias, M. Rodriguez and A. Fernandez, "The
Voltage-Controlled Compensation Ramp: A Waveshaping Technique for
Power Factor Correctors," in IEEE Transactions on Industry Applications, vol.
45, no. 3, pp. 1016-1027, May-june 2009.

R. Zane and D. Maksimovic, "Nonlinear-carrier control for high-power-factor
rectifiers based on up-down switching converters," in IEEE Transactions on
Power Electronics, vol. 13, no. 2, pp. 213-221, Mar 1998.

L. Huber, L. Gang and M. M. Jovanovic, "Design-Oriented Analysis and
Performance Evaluation of Buck PFC Front End," in IEEE Transactions on
Power Electronics, vol. 25, no. 1, pp. 85-94, Jan. 2010.

H. Ma, J. S. Lai, Q. Feng, W. Yu, C. Zheng and Z. Zhao, "A Novel Valley-Fill
SEPIC-Derived Power Supply Without Electrolytic Capacitor for LED
Lighting Application," in IEEE Transactions on Power Electronics, vol. 27, no.
6, pp. 3057-3071, June 2012.

H. Ma, C. Zheng, W. Yu, B. Gu, J. D. Lai and Q. Feng, "Bridgeless electrolytic
capacitor-less valley-fill AC/DC converter for offline twin-bus light-emitting
diode lighting application,” in IET Power Electronics, vol. 6, no. 6, pp. 1132-
1141, July 2013.

L. Wang, B. Zhang and D. Qiu, "A Novel Valley-Fill Single-Stage Boost-
Forward Converter With Optimized Performance in Universal-Line Range for
Dimmable LED Lighting," in IEEE Transactions on Industrial Electronics, vol.
64, no. 4, pp. 2770-2778, April 2017.

L. Gu, X. Ruan, M. Xu and K. Yao, "Means of Eliminating Electrolytic
Capacitor in AC/DC Power Supplies for LED Lightings," in IEEE Transactions
on Power Electronics, vol. 24, no. 5, pp. 1399-1408, May 2009.

B. Wang, X. Ruan, K. Yao and M. Xu, "A Method of Reducing the Peak-to-
Average Ratio of LED Current for Electrolytic Capacitor-Less AC-DC



47

Chapter 1: Introduction

[1.94]

[1.95]

[1.96]

[1.97]

[1.98]

[1.99]

[1.100]

[1.101]

[1.102]

[1.103]

[1.104]

[1.105]

Drivers," in IEEE Transactions on Power Electronics, vol. 25, no. 3, pp. 592-
601, March 2010.

X. Ruan, B. Wang, K. Yao and S. Wang, "Optimum Injected Current
Harmonics to Minimize Peak-to-Average Ratio of LED Current for Electrolytic
Capacitor-Less AC-DC Drivers," in IEEE Transactions on Power Electronics,
vol. 26, no. 7, pp. 1820-1825, July 2011.

D. G. Lamar, J. Sebastian, M. Arias and A. Fernandez, "On the Limit of the
Output Capacitor Reduction in Power-Factor Correctors by Distorting the Line
Input Current," in IEEE Transactions on Power Electronics, vol. 27, no. 3, pp.
1168-1176, March 2012.

G. Spiazzi, S. Buso and G. Meneghesso, "Analysis of a High-Power-Factor
Electronic Ballast for High Brightness Light Emitting Diodes," 2005 IEEE 36th
Power Electronics Specialists Conference, Recife, 2005, pp. 1494-1499.

X. Qu, S. C. Wong and C. K. Tse, "Resonance-Assisted Buck Converter for
Offline Driving of Power LED Replacement Lamps," in IEEE Transactions on
Power Electronics, vol. 26, no. 2, pp. 532-540, Feb. 2011.

D. G. Lamar, M. Fernandez, M. Arias, M. M. Hernando and J. Sebastian,
"Tapped-Inductor Buck HB-LED AC-DC Driver Operating in Boundary
Conduction Mode for Replacing Incandescent Bulb Lamps," inIEEE
Transactions on Power Electronics, vol. 27, no. 10, pp. 4329-4337, Oct. 2012.

F. Sichirollo, J. M. Alonso and G. Spiazzi, "A Novel Double Integrated Buck
Offline Power Supply for Solid-State Lighting Applications," in IEEE
Transactions on Industry Applications, vol. 51, no. 2, pp. 1268-1276, March-
April 2015.

J. B. Baek and S. Chae, "Single-Stage Buck-Derived LED Driver With
Improved Efficiency and Power Factor Using Current Path Control Switches,"
in [EEE Transactions on Industrial Electronics, vol. 64, no. 10, pp. 7852-7861,
Oct. 2017.

H. C. Kim, M. C. Choi, S. Kim and D. K. Jeong, "An AC-DC LED Driver With
a Two-Parallel Inverted Buck Topology for Reducing the Light Flicker in
Lighting Applications to Low-Risk Levels," in IEEE Transactions on Power
Electronics, vol. 32, no. 5, pp. 3879-3891, May 2017.

I. H. Codas, C. S. Postiglione, C. B. Nascimento and A. J. Perin, "A single-
stage PFC converter for Solid-State Lighting applications," 2009 35th Annual
Conference of IEEE Industrial Electronics, Porto, 2009, pp. 3490-3493.

D. G. Lamar, M. Arias, M. M. Hernando and J. Sebastian, "Using the Loss-Free
Resistor Concept to Design a Simple AC-DC HB-LED Driver for Retrofit
Lamp Applications," in IEEE Transactions on Industry Applications, vol. 51,
no. 3, pp. 2300-2311, May-June 2015.

D. G. Lamar, M. Arias, A. Fernandez, J. A. Villarejo and J. Sebastian, "Active
Input Current Shaper Without an Electrolytic Capacitor for Retrofit Lamps
Applications," in IEEE Transactions on Power Electronics, vol. 32, no. 5, pp.
3908-3919, May 2017.

G. G. Pereira, M. A. Dalla Costa, J. M. Alonso, M. F. De Melo and C. H.
Barriquello, "LED Driver Based on Input Current Shaper Without Electrolytic



48

Chapter 1: Introduction

[1.106]

[1.107]

[1.108]

[1.109]

[1.110]

[1.111]

[1.112]

[1.113]

[1.114]

[1.115]

[1.116]

[1.117]

[1.118]

Capacitor," in IEEE Transactions on Industrial Electronics, vol. 64, no. 6, pp.
4520-4529, June 2017.

S. Li, S. C. Tan, C. K. Lee, E. Waffenschmidt, S. Y. (. Hui and C. K. Tse, "A
Survey, Classification, and Critical Review of Light-Emitting Diode Drivers,"
in IEEE Transactions on Power Electronics, vol. 31, no. 2, pp. 1503-1516, Feb.
2016.

R. Watson, G. C. Hua and F. C. Lee, "Characterization of an active clamp
flyback topology for power factor correction applications," in IEEE
Transactions on Power Electronics, vol. 11, no. 1, pp. 191-198, Jan 1996.

E. J. Rikos and E. C. Tatakis, "Single-stage single-switch isolated PFC
converter with non-dissipative clamping," in IEE Proceedings - Electric Power
Applications, vol. 152, no. 2, pp. 166-174, 4 March 2005.

H. van der Broeck, G. Sauerlander and M. Wendt, "Power driver topologies and
control schemes for LEDs," APEC 07 - Twenty-Second Annual IEEE Applied
Power Electronics Conference and Exposition, Anaheim, CA, USA, 2007, pp.
1319-1325.

Y. Hu, L. Huber and M. M. Jovanovic, "Single-Stage Flyback Power-Factor-
Correction Front-End for HB LED Application," 2009 IEEE Industry
Applications Society Annual Meeting, Houston, TX, 2009, pp. 1-8.

D. G. Lamar, J. S. Ziiiga, A. R. Alonso, M. R. Gonzalez and M. M. Hernando
Alvarez, "A Very Simple Control Strategy for Power Factor Correctors Driving
High-Brightness LEDs," in IEEE Transactions on Power Electronics, vol. 24,
no. 8, pp. 2032-2042, Aug. 2009.

K.I.Hwu, Y. T. Yauand L. L. Lee, "Powering LED Using High-Efficiency SR
Flyback Converter," in IEEE Transactions on Industry Applications, vol. 47,
no. 1, pp. 376-386, Jan.-Feb. 2011.

W. Chen and S. Y. R. Hui, "Elimination of an Electrolytic Capacitor in AC/DC
Light-Emitting Diode (LED) Driver With High Input Power Factor and
Constant Output Current," in IEEE Transactions on Power Electronics, vol. 27,
no. 3, pp. 1598-1607, March 2012.

Y. Hu, L. Huber and M. M. Jovanovi¢, "Single-Stage, Universal-Input AC/DC
LED Driver With Current-Controlled Variable PFC Boost Inductor," in IEEE
Transactions on Power Electronics, vol. 27, no. 3, pp. 1579-1588, March 2012.
J. M. Alonso, D. Gacio, A. J. Calleja, J. Ribas and E. L. Corominas, "A Study
on LED Retrofit Solutions for Low-Voltage Halogen Cycle Lamps," in IEEE
Transactions on Industry Applications, vol. 48, no. 5, pp. 1673-1682, Sept.-Oct.
2012.

X. Xie, J. Wang, C. Zhao, Q. Lu and S. Liu, "A Novel Output Current
Estimation and Regulation Circuit for Primary Side Controlled High Power
Factor Single-Stage Flyback LED Driver," in IEEE Transactions on Power
Electronics, vol. 27, no. 11, pp. 4602-4612, Nov. 2012.

X. Wu, Z. Wang and J. Zhang, "Design Considerations for Dual-Output Quasi-
Resonant Flyback LED Driver With Current-Sharing Transformer," in IEEE
Transactions on Power Electronics, vol. 28, no. 10, pp. 4820-4830, Oct. 2013.

S. Jung and G. H. Cho, "Transformer Coupled Recycle Snubber for High-
Efficiency Offline Isolated LED Driver With On-Chip Primary-Side Power



49

Chapter 1: Introduction

[1.119]

[1.120]

[1.121]

[1.122]

[1.123]

[1.124]

[1.125]

[1.126]

[1.127]

[1.128]

[1.129]

[1.130]

Regulation," in IEEE Transactions on Industrial Electronics, vol. 61, no. 12, pp.
6710-6719, Dec. 2014.

S. Moon, G. B. Koo and G. W. Moon, "Dimming-Feedback Control Method
for TRIAC Dimmable LED Drivers," in IEEE Transactions on Industrial
Electronics, vol. 62, no. 2, pp. 960-965, Feb. 2015.

B. White, H. Wang, Y. F. Liu and X. Liu, "An Average Current Modulation
Method for Single-Stage LED Drivers With High Power Factor and Zero Low-
Frequency Current Ripple," in IEEE Journal of Emerging and Selected Topics
in Power Electronics, vol. 3, no. 3, pp. 714-731, Sept. 2015.

Q. Hu and R. Zane, "Minimizing Required Energy Storage in Off-Line LED
Drivers Based on Series-Input Converter Modules," in IEEE Transactions on
Power Electronics, vol. 26, no. 10, pp. 2887-2895, Oct. 2011.

S. Wang, X. Ruan, K. Yao, S. C. Tan, Y. Yang and Z. Ye, "A Flicker-Free
Electrolytic Capacitor-Less AC-DC LED Driver," in IEEE Transactions on
Power Electronics, vol. 27, no. 11, pp. 4540-4548, Nov. 2012.

K. W. Lee, Y. H. Hsieh and T. J. Liang, "A current ripple cancellation circuit
for electrolytic capacitor-less AC-DC LED driver," 2013 Twenty-Eighth
Annual IEEE Applied Power Electronics Conference and Exposition (APEC),
Long Beach, CA, 2013, pp. 1058-1061.

Y. Zhang and K. Jin, "A single-stage electrolytic capacitor-less AC/DC LED
driver," 2014 International Power Electronics and Application Conference and
Exposition, Shanghai, 2014, pp. 881-886.

Y. Yang, X. Ruan, L. Zhang, J. He and Z. Ye, "Feed-Forward Scheme for an
Electrolytic Capacitor-Less AC/DC LED Driver to Reduce Output Current
Ripple," in IEEE Transactions on Power Electronics, vol. 29, no. 10, pp. 5508-
5517, Oct. 2014.

J. He, X. Ruan and L. Zhang, "Adaptive Voltage Control for Bidirectional
Converter in Flicker-Free Electrolytic Capacitor-Less AC-DC LED Driver,"
in IEEE Transactions on Industrial Electronics, vol. 64, no. 1, pp. 320-324, Jan.
2017.

U. Ramanjaneya Reddy and B. L. Narasimharaju, "Single-stage electrolytic
capacitor less non-inverting buck-boost PFC based AC-DC ripple free LED
driver," in IET Power Electronics, vol. 10, no. 1, pp. 38-46, 1 20 2017.

C. A. Cheng, H. L. Cheng, F. L. Yang and C. W. Ku, "Single-stage driver for
supplying high-power light-emitting-diodes with universal utility-line input
voltages," in IET Power Electronics, vol. 5, no. 9, pp. 1614-1623, November
2012.

D. Camponogara, G. F. Ferreira, A. Campos, M. A. Dalla Costa and J. Garcia,
"Offline LED Driver for Street Lighting With an Optimized Cascade Structure,”
in IEEE Transactions on Industry Applications, vol. 49, no. 6, pp. 2437-2443,
Nov.-Dec. 2013.

D. Camponogara, D. R. Vargas, M. A. Dalla Costa, J. M. Alonso, J. Garcia and
T. Marchesan, "Capacitance Reduction With An Optimized Converter

Connection Applied to LED Drivers," in IEEE Transactions on Industrial
Electronics, vol. 62, no. 1, pp. 184-192, Jan. 2015.



50

Chapter 1: Introduction

[1.131]

[1.132]

[1.133]

[1.134]

[1.135]

[1.136]

[1.137]

[1.138]

[1.139]

[1.140]

[1.141]

[1.142]

[1.143]

Y. Qiu, L. Wang, H. Wang, Y. F. Liu and P. C. Sen, "Bipolar Ripple
Cancellation Method to Achieve Single-Stage Electrolytic-Capacitor-Less
High-Power LED Driver," in IEEE Journal of Emerging and Selected Topics in
Power Electronics, vol. 3, no. 3, pp. 698-713, Sept. 2015.

P. Fang, Y. F. Liu and P. C. Sen, "A Flicker-Free Single-Stage Offline LED
Driver With High Power Factor," in IEEE Journal of Emerging and Selected
Topics in Power Electronics, vol. 3, no. 3, pp. 654-665, Sept. 2015.

H. Valipour, G. Rezazadeh and M. R. Zolghadri, "Flicker-Free Electrolytic
Capacitor-Less Universal Input Offline LED Driver With PFC," in IEEE
Transactions on Power Electronics, vol. 31, no. 9, pp. 6553-6561, Sept. 2016.

H. Dong, X. Xie, L. Jiang, Z. Jin and X. Zhao, "An Electrolytic Capacitor-Less
High Power Factor LED Driver Based on a “One-and-a-Half Stage” Forward-
Flyback Topology," in IEEE Transactions on Power Electronics, vol. 33, no. 2,
pp. 1572-1584, Feb. 2018.

P. Fang, Y. j. Qiu, H. Wang and Y. F. Liu, "A Single-Stage Primary-Side-
Controlled Off-line Flyback LED Driver With Ripple Cancellation," in [EEE
Transactions on Power Electronics, vol. 32, no. 6, pp. 4700-4715, June 2017.

J. M. Alonso et al., "Reducing storage capacitance in off-line LED power
supplies by using integrated converters," 2012 IEEE Industry Applications
Society Annual Meeting, Las Vegas, NV, 2012, pp. 1-8.

A. J. Calleja, J. M. Alonso, E. Lopez, J. Ribas, J. A. Martinez and M. Rico-
Secades, "Analysis and experimental results of a single-stage high-power-factor
electronic ballast based on flyback converter," in IEEE Transactions on Power
Electronics, vol. 14, no. 6, pp. 998-1006, Nov 1999.

Y. Wang, Y. Guan, J. Huang, W. Wang and D. Xu, "A Single-Stage LED Driver
Based on Interleaved Buck—Boost Circuit and LLC Resonant Converter,"
in IEEE Journal of Emerging and Selected Topics in Power Electronics, vol. 3,
no. 3, pp. 732-741, Sept. 2015.

Y. C. Liand C. L. Chen, "A Novel Single-Stage High-Power-Factor AC-to-DC
LED Driving Circuit With Leakage Inductance Energy Recycling," in IEEE
Transactions on Industrial Electronics, vol. 59, no. 2, pp. 793-802, Feb. 2012.

J. M. Alonso, J. Vina, D. G. Vaquero, G. Martinez and R. Osorio, "Analysis
and Design of the Integrated Double Buck—Boost Converter as a High-Power-
Factor Driver for Power-LED Lamps," in IEEE Transactions on Industrial
Electronics, vol. 59, no. 4, pp. 1689-1697, April 2012.

H. L. Cheng and C. W. Lin, "Design and Implementation of a High-Power-
Factor LED Driver With Zero-Voltage Switching-On Characteristics," in IEEE
Transactions on Power Electronics, vol. 29, no. 9, pp. 4949-4958, Sept. 2014.
H. L. Cheng, Y. N. Chang, C. A. Cheng, C. H. Chang and Y. H. Lin, "High-
power-factor dimmable LED driver with low-frequency pulse-width
modulation," in IET Power Electronics, vol. 9, no. 10, pp. 2139-2146, 8 17
2016.

Y. Wang, J. Huang, W. Wang and D. Xu, "A Single-Stage Single-Switch LED
Driver Based on Class-E Converter," in IEEE Transactions on Industry
Applications, vol. 52, no. 3, pp. 2618-2626, May-June 2016.



51

Chapter 1: Introduction

[1.144]

[1.145]

[1.146]

[1.147]

[1.148]

[1.149]

[1.150]

[1.151]

[1.152]

[1.153]

[1.154]

[1.155]

[1.156]

K. Modepalli and L. Parsa, "Lighting Up with a Dual-Purpose Driver: A Viable
Option for a Light-Emitting Diode Driver for Visible Light Communication,"
in IEEE Industry Applications Magazine, vol. 23, no. 2, pp. 51-61, March-April
2017.

B. Poorali, E. Adib and H. Farzanehfard, "A Single-Stage Single-Switch Soft-
Switching Power-Factor-Correction LED Driver," in IEEE Transactions on
Power Electronics, vol. 32, no. 10, pp. 7932-7940, Oct. 2017.

D. Gacio, J. M. Alonso, A. J. Calleja, J. Garcia and M. Rico-Secades, "A
Universal-Input Single-Stage High-Power-Factor Power Supply for HB-LEDs
Based on Integrated Buck—Flyback Converter," in IEEE Transactions on
Industrial Electronics, vol. 58, no. 2, pp. 589-599, Feb. 2011.

S. Buso, G. Spiazzi and F. Sichirollo, "Study of the Asymmetrical Half-Bridge
Flyback Converter as an Effective Line-Fed Solid-State Lamp Driver," in IEEE
Transactions on Industrial Electronics, vol. 61, no. 12, pp. 6730-6738, Dec.
2014.

J. C. W. Lam and P. K. Jain, "Isolated AC/DC Offline High Power Factor
Single-Switch LED Drivers Without Electrolytic Capacitors," in IEEE Journal
of Emerging and Selected Topics in Power Electronics, vol. 3, no. 3, pp. 679-
690, Sept. 2015.

D.D. C. Ly, H. H. C. Iu and V. Pjevalica, "A Single-Stage AC/DC Converter
With High Power Factor, Regulated Bus Voltage, and Output Voltage," in IEEE
Transactions on Power Electronics, vol. 23, no. 1, pp. 218-228, Jan. 2008.

K. Yao, M. Xu, X. Ruan and L. Gu, "Boost-Flyback Single-Stage PFC
Converter with Large DC Bus Voltage Ripple," 2009 Twenty-Fourth Annual
IEEE Applied Power Electronics Conference and Exposition, Washington, DC,
2009, pp. 1867-1871.

D.D.C. Ly, H. H. C.Tuand V. Pjevalica, "Single-Stage AC/DC Boost—Forward
Converter With High Power Factor and Regulated Bus and Output Voltages,"
in IEEE Transactions on Industrial Electronics, vol. 56, no. 6, pp. 2128-2132,
June 2009.

S. Y. Chen, Z. R. Li and C. L. Chen, "Analysis and Design of Single-Stage
AC/DC LLC Resonant Converter," inIEEE Transactions on Industrial
Electronics, vol. 59, no. 3, pp. 1538-1544, March 2012.

N. Chen and H. S. h. Chung, "An LED Lamp Driver Compatible With Low-
and High-Frequency Sources," in IEEE Transactions on Power Electronics, vol.
28, no. 5, pp. 2551-2568, May 2013.

Y. Wang, Y. Guan, K. Ren, W. Wang and D. Xu, "A Single-Stage LED Driver
Based on BCM Boost Circuit and LLC Converter for Street Lighting System,"
in IEEE Transactions on Industrial Electronics, vol. 62, no. 9, pp. 5446-5457,
Sept. 2015.

Q. Luo, K. Ma, Q. He, C. Zou and L. Zhou, "A Single-Stage High-Frequency
Resonant AC/AC Converter," in IEEE Transactions on Power Electronics, vol.
32, no. 3, pp. 2155-2166, March 2017.

C. A. Cheng, H. L. Cheng and T. Y. Chung, "A Novel Single-Stage High-
Power-Factor LED Street-Lighting Driver With Coupled Inductors," in IEEE



52

Chapter 1: Introduction

[1.157]

[1.158]

[1.159]

[1.160]

[1.161]

[1.162]

[1.163]

[1.164]

[1.165]

[1.166]

[1.167]

[1.168]

Transactions on Industry Applications, vol. 50, no. 5, pp. 3037-3045, Sept.-Oct.
2014.

P. S. Almeida, H. A. C. Braga, M. A. Dalla Costa and J. M. Alonso, "Offline
Soft-Switched LED Driver Based on an Integrated Bridgeless Boost—
Asymmetrical Half-Bridge Converter," in IEEE Transactions on Industry
Applications, vol. 51, no. 1, pp. 761-769, Jan.-Feb. 2015.

C. A. Cheng, C. H. Chang, T. Y. Chung and F. L. Yang, "Design and
Implementation of a Single-Stage Driver for Supplying an LED Street-Lighting
Module With Power Factor Corrections," in IEEE Transactions on Power
Electronics, vol. 30, no. 2, pp. 956-966, Feb. 2015.

A. Malschitzky, F. Albuquerque, E. Agostini and C. B. Nascimento, "Single-
Stage Integrated Bridgeless-Boost Nonresonant Half-Bridge Converter for
LED Driver Applications," in IEEE Transactions on Industrial Electronics, vol.
65, no. 5, pp. 3866-3878, May 2018.

X. Xie, J. Li, K. Peng, C. Zhao and Q. Lu, "Study on the Single-Stage Forward-
Flyback PFC Converter With QR Control," in IEEE Transactions on Power
Electronics, vol. 31, no. 1, pp. 430-442, Jan. 2016.

S. W. Lee and H. L. Do, "Boost-Integrated Two-Switch Forward AC-DC LED
Driver With High Power Factor and Ripple-Free Output Inductor Current,"
in IEEE Transactions on Industrial Electronics, vol. 64, no. 7, pp. 5789-5796,
July 2017.

M. R. Cosetin, P. C. V. Luz, M. F. da Silva, F. Bisogno, J. M. Alonso and R.
N. do Prado, "Single-stage SEPIC-Buck converter for LED lighting with
reduced storage capacitor," IECON 2012 - 38th Annual Conference on IEEE
Industrial Electronics Society, Montreal, QC, 2012, pp. 4597-4603.

Y. Wang, Y. Guan, X. Liang, W. Wang and D. Xu, "Two-stage LED street
lighting system based on a novel single-stage AC/DC converter," in [ET Power
Electronics, vol. 7, no. 6, pp. 1374-1383, June 2014.

B. Poorali and E. Adib, "Analysis of the Integrated SEPIC-Flyback Converter
as a Single-Stage Single-Switch Power-Factor-Correction LED Driver,"
in [EEE Transactions on Industrial Electronics, vol. 63, no. 6, pp. 3562-3570,
June 2016.

Y. Wang, S. Zhang, J. M. Alonso, X. Liu and D. Xu, "A Single-Stage LED
Driver With High-Performance Primary-Side-Regulated Characteristic,"
in IEEE Transactions on Circuits and Systems II: Express Briefs, vol. 65, no. 1,
pp. 76-80, Jan. 2018.

Y. Wang, N. Qi, Y. Guan, C. Cecati and D. Xu, "A Single-Stage LED Driver
Based on SEPIC and LLC Circuits," in IEEE Transactions on Industrial
Electronics, vol. 64, no. 7, pp. 5766-5776, July 2017.

Y. Wang, J. Huang, G. Shi, W. Wang and D. Xu, "A Single-Stage Single-
Switch LED Driver Based on the Integrated SEPIC Circuit and Class-E
Converter," in IEEE Transactions on Power Electronics, vol. 31, no. 8, pp.
5814-5824, Aug. 2016.

P. L. Wong and F. C. Lee, "A novel concept in integrating PFC and DC/DC
converters, " in Proc. CPES Annu. Seminar, 2000, pp. 274-281.



53

Chapter 1: Introduction

[1.169]

[1.170]

[1.171]

[1.172]

[1.173]

[1.174]

[1.175]

[1.176]

[1.177]

[1.178]

[1.179]

[1.180]

J. R. de Britto, A. E. Demian, L. C. de Freitas, V. J. Farias, E. A. A. Coelho and
J. B. Vieira, "A proposal of Led Lamp Driver for universal input using Cuk
converter," 2008 IEEE Power Electronics Specialists Conference, Rhodes,
2008, pp. 2640-2644.

G. M. Soares, P. S. Almeida, D. P. Pinto and H. A. C. Braga, "A single-stage
high efficiency long-life off-line LED driver based on the DCM Cuk
converter," IECON 2012 - 38th Annual Conference on IEEE Industrial
Electronics Society, Montreal, QC, 2012, pp. 4509-4514.

M. Bodetto, A. Marcos-Pastor, A. El Aroudi, A. Cid-Pastor and E. Vidal-
Idiarte, "Modified Cuk converter for high-performance power factor correction
applications," in IET Power Electronics, vol. 8, no. 10, pp. 2058-2064, 10 2015.

M. Bodetto, A. E. Aroudi, A. Cid-Pastor and M. S. Al-Numay, "Improving the
Dimming Performance of Low-Power Single-Stage AC-DC HBLED Drivers,"
in [EEE Transactions on Industrial Electronics, vol. 64, no. 7, pp. 5797-5806,
July 2017.

H. J. Chiu, Y. K. Lo, J. T. Chen, S. J. Cheng, C. Y. Lin and S. C. Mou, "A High-
Efficiency Dimmable LED Driver for Low-Power Lighting Applications,"
in IEEE Transactions on Industrial Electronics, vol. 57, no. 2, pp. 735-743, Feb.
2010.

C. L. Shen, Y. E. Wu and C. T. Tsai, "Coupled-inductor Sepic-type PFC with
soft-switching feature for LED lighting applications," 2011 6th IEEE
Conference on Industrial Electronics and Applications, Beijing, 2011, pp. 2384-
2389.

M. Bodetto, A. El Aroudi, A. Cid-Pastor, J. Calvente and L. Martinez-
Salamero, "Design of AC-DC PFC High-Order Converters With Regulated
Output Current for Low-Power Applications," in IEEE Transactions on Power
Electronics, vol. 31, no. 3, pp. 2012-2025, March 2016.

A. Shrivastava, B. Singh and S. Pal, "A Novel Wall-Switched Step-Dimming
Concept in LED Lighting Systems Using PFC Zeta Converter," in IEEE
Transactions on Industrial Electronics, vol. 62, no. 10, pp. 6272-6283, Oct.
2015.

M. Brkovic and S. Cuk, "Input current shaper using Cuk
converter," Telecommunications Energy Conference, 1992. INTELEC '92.,
14th International, Washington, DC, 1992, pp. 532-539.

S. Dian, X. Wen, X. Deng and S. Zhang, "Digital control of isolated Cuk power
factor correction converter under wide range of load variation," in IET Power
Electronics, vol. 8, no. 1, pp. 142-150, 1 2015.

C. S. Wong, K. H. Loo, Y. M. Lai, M. H. L. Chow and C. K. Tse, "An
Alternative Approach to LED Driver Design Based on High-Voltage Driving,"
in [EEE Transactions on Power Electronics, vol. 31, no. 3, pp. 2465-2475,
March 2016.

A. Leon-Masich, H. Valderrama-Blavi, J. M. Bosque-Moncusi and L.
Martinez-Salamero, "A High-Voltage SiC-Based Boost PFC for LED

Applications," in IEEE Transactions on Power Electronics, vol. 31, no. 2, pp.
1633-1642, Feb. 2016.



54

Chapter 1: Introduction

[1.181]

[1.182]

[1.183]

[1.184]

[1.185]

[1.186]

[1.187]

[1.188]

[1.189]

[1.190]

[1.191]

[1.192]

[1.193]

V.J. Thottuvelil, T. G. Wilson and H. A. Owen, "Analysis and design of a push-
pull current-fed converter," 1981 IEEE Power Electronics Specialists
Conference, Boulder, Colorado, USA, 1981, pp. 192-203.

E. X. Yang, Y. Jiang, G. Hua and F. C. Lee, "Isolated boost circuit for power
factor correction," Proceedings Eighth Annual Applied Power Electronics
Conference and Exposition,, San Diego, CA, 1993, pp. 196-203.

N. Q. Trong, H. j. Chiu, Y. k. Lo, C. y. Lin and M. M. Alam, "Modified current-
fed full-bridge isolated power factor correction converter with low-voltage
stress," in IET Power Electronics, vol. 7, no. 4, pp. 861-867, April 2014.

A. Mohamadi and E. Afjei, "A single-stage high power factor LED driver in
continuous conduction mode," The 6th Power Electronics, Drive Systems &
Technologies Conference (PEDSTC2015), Tehran, 2015, pp. 462-467.

Jindong Zhang, M. M. Jovanovic and F. C. Lee, "Comparison between CCM
single-stage and two-stage boost PFC converters," Applied Power Electronics
Conference and Exposition, 1999. APEC '99. Fourteenth Annual, Dallas, TX,
1999, pp. 335-341 vol.1.

X. Xie, M. Ye, Y. Cai and J. Wu, "An optocouplerless two-stage high power
factor LED driver," 2011 Twenty-Sixth Annual IEEE Applied Power
Electronics Conference and Exposition (APEC), Fort Worth, TX, 2011, pp.
2078-2083.

L. Huber, Y. Jang and M. M. Jovanovic, "Performance Evaluation of Bridgeless
PFC Boost Rectifiers," in IEEE Transactions on Power Electronics, vol. 23, no.
3, pp- 1381-1390, May 2008.

A. Jha and B. Singh, "Modified bridgeless landsman PFC converter for LED
driver," 2016 7th India International Conference on Power Electronics (IICPE),
Patiala, India, 2016, pp. 1-6.

L. Torok and S. Munk-Nielsen, "Efficiency and hardware comparison of analog
control-based and digital control-based 70 W two-stage power factor corrector
and DC-DC converters," Proceedings of the 2011 14th European Conference
on Power Electronics and Applications, Birmingham, 2011, pp. 1-8.

C.Y.Wu, T. F. Wu, J. R. Tsai, Y. M. Chen and C. C. Chen, "Multistring LED
Backlight Driving System for LCD Panels With Color Sequential Display and
Area Control," in IEEE Transactions on Industrial Electronics, vol. 55, no. 10,
pp. 3791-3800, Oct. 2008.

W. Y. Choi, J. M. Kwon and B. H. Kwon, "Efficient LED back-light power
supply for liquid-crystal-display," in IET Electric Power Applications, vol. 1,
no. 2, pp. 133-142, March 2007.

M. Arias, D. G. Lamar, F. F. Linera, D. Balocco, A. Aguissa Diallo and J.
Sebastian, "Design of a Soft-Switching Asymmetrical Half-Bridge Converter
as Second Stage of an LED Driver for Street Lighting Application," in IEEE
Transactions on Power Electronics, vol. 27, no. 3, pp. 1608-1621, March 2012.
M. Arias, M. Fernandez Diaz, D. G. Lamar, D. Balocco, A. Aguissa Diallo and
J. Sebastian, "High-Efficiency Asymmetrical Half-Bridge Converter Without
Electrolytic Capacitor for Low-Output-Voltage AC-DC LED Drivers,"
in IEEE Transactions on Power Electronics, vol. 28, no. 5, pp. 2539-2550, May
2013.



55

Chapter 1: Introduction

[1.194]

[1.195]

[1.196]

[1.197]

[1.198]

[1.199]

[1.200]

[1.201]

[1.202]

[1.203]

[1.204]

[1.205]

[1.206]

[1.207]

M. Arias, M. F. Diaz, J. E. R. Cadierno, D. G. Lamar and J. Sebastian, "Digital
Implementation of the Feedforward Loop of the Asymmetrical Half-Bridge
Converter for LED Lighting Applications," in IEEE Journal of Emerging and
Selected Topics in Power Electronics, vol. 3, no. 3, pp. 642-653, Sept. 2015.

E. Mujjalinvimut, P. Navaratana Na Ayudhya and A. Sangswang, "An
Improved Asymmetrical Half-Bridge Converter With Self-Driven Synchronous
Rectifier for Dimmable LED Lighting," in IEEE Transactions on Industrial
Electronics, vol. 63, no. 2, pp. 913-925, Feb. 2016.

M. Arias, 1. Castro, D. G. Lamar, A. Vazquez and J. Sebastian, "Optimized
design of a high input-voltage-ripple-rejection converter for LED lighting,"
in IEEE Transactions on Power Electronics, vol. PP, no. 99, pp. 1-1.

G. Sauerlander, D. Hente, H. Radermacher, E. Waffenschmidt and J. Jacobs,
"Driver Electronics for LEDs," Conference Record of the 2006 IEEE Industry
Applications Conference Forty-First IAS Annual Meeting, Tampa, FL, 2006,
pp. 2621-2626.

Y. K. Lo, K. H. Wu, K. J. Pai and H. J. Chiu, "Design and Implementation of
RGB LED Drivers for LCD Backlight Modules," in IEEE Transactions on
Industrial Electronics, vol. 56, no. 12, pp. 4862-4871, Dec. 2009.

X. Wu, J. Zhang and Z. Qian, "A Simple Two-Channel LED Driver With
Automatic Precise Current Sharing," in IEEE Transactions on Industrial
Electronics, vol. 58, no. 10, pp. 4783-4788, Oct. 2011.

W. Y. Choi, "A Highly Power-Efficient LED Back-Light Power Supply for
LCD Display," in Journal of Display Technology, vol. 9, no. 5, pp. 382-387,
May 2013.

W. Feng, F. C. Lee and P. Mattavelli, "Optimal Trajectory Control of LLC
Resonant Converters for LED PWM Dimming," in IEEE Transactions on
Power Electronics, vol. 29, no. 2, pp. 979-987, Feb. 2014.

S. Zhao, J. Xu and O. Trescases, "Burst-Mode Resonant LLC Converter for an
LED Luminaire With Integrated Visible Light Communication for Smart
Buildings," in IEEE Transactions on Power Electronics, vol. 29, no. 8, pp.
4392-4402, Aug. 2014.

S. Pervaiz, A. Kumar and K. K. Afridi, "A compact electrolytic-free two-stage
universal input offline LED driver," 2016 IEEE Applied Power Electronics
Conference and Exposition (APEC), Long Beach, CA, 2016, pp. 2395-2400.
M. F. Menke, R. V. Tambara, F. E. Bisogno, M. F. da Silva and A. R. Seidel,
"Two-stage digitally controlled led driver based on buck-boost and DC/DC
LLC resonant converter," 2016 12th IEEE International Conference on Industry
Applications (INDUSCON), Curitiba, 2016, pp. 1-8.

W. Ma, X. Xie and S. Jiang, "LLC resonant converter with variable resonant
inductor for wide LED dimming range," 2017 IEEE Applied Power Electronics
Conference and Exposition (APEC), Tampa, FL, 2017, pp. 2950-2957.

X. Chen, D. Huang, Q. Li and F. C. Lee, "Multichannel LED Driver
With CLL Resonant Converter," in IEEE Journal of Emerging and Selected
Topics in Power Electronics, vol. 3, no. 3, pp. 589-598, Sept. 2015.

K. H. Loo, Y. M. Lai and C. K. Tse, "Design and Analysis of LCC Resonant
Network for Quasi-Lossless Current Balancing in Multistring AC-LED Array,"



56

Chapter 1: Introduction

[1.208]

[1.209]

[1.210]

[1.211]

[1.212]

[1.213]

[1.214]

[1.215]

[1.216]

[1.217]

[1.218]

[1.219]

[1.220]

in IEEE Transactions on Power Electronics, vol. 28, no. 2, pp. 1047-1059, Feb.
2013.

Y. Wang, Y. Guan, D. Xu and W. Wang, "A CLCL Resonant DC/DC Converter
for Two-Stage LED Driver System," in IEEE Transactions on Industrial
Electronics, vol. 63, no. 5, pp. 2883-2891, May 2016.

J. Liu, W. Sun and J. Zeng, "Precise current sharing control for multi-channel
LED driver based on switch-controlled capacitor," in IET Power Electronics,
vol. 10, no. 3, pp. 357-367, 3 10 2017.

X. Qu, S. C. Wong and C. K. Tse, "Noncascading Structure for Electronic
Ballast Design for Multiple LED Lamps With Independent Brightness
Control," in IEEE Transactions on Power Electronics, vol. 25, no. 2, pp. 331-
340, Feb. 2010.

P. Zumel, C. Fernandez, M. Sanz, A. Lazaro and A. Barrado, "HBLED driving
strategy with reduced storage capacitor based on load modularization," 2011
Twenty-Sixth Annual IEEE Applied Power Electronics Conference and
Exposition (APEC), Fort Worth, TX, 2011, pp. 728-734.

R. Zhao and J. Zhang, "High efficiency hybrid current balancing method for
multi-channel LED drive," 2015 IEEE Applied Power Electronics Conference
and Exposition (APEC), Charlotte, NC, 2015, pp. 854-860.

J. Zhang, T. Jiang and X. Wu, "A High-Efficiency Quasi-Two-Stage LED

Driver With Multichannel Outputs," in IEEE Transactions on Industrial
Electronics, vol. 64, no. 7, pp. 5875-5882, July 2017.

C. C. Chen, C. Y. Wu, Y. M. Chen and T. F. u, "Sequential Color LED
Backlight Driving System for LCD Panels," in IEEE Transactions on Power
Electronics, vol. 22, no. 3, pp. 919-925, May 2007.

P. Chen, H. C. Liu, Y. W. Yang, Y. Y. Li and F. Budiman, "A multi-channel
high precision current matching LED Driver for intelligent dimming," 2015

International Symposium on Intelligent Signal Processing and Communication
Systems (ISPACS), Nusa Dua, 2015, pp. 174-177.

C. L. Kuo, T.J. Liang, K. H. Chen and J. F. Chen, "Design and implementation
of high frequency AC-LED driver with digital dimming," Proceedings of 2010
IEEE International Symposium on Circuits and Systems, Paris, 2010, pp. 3713-
3716.

B. G. Kang, Y. Choi and S. K. Chung, "High frequency AC-LED driving for
street light," 2015 9th International Conference on Power Electronics and
ECCE Asia (ICPE-ECCE Asia), Seoul, 2015, pp. 1246-1251.

M. S. Lin and C. L. Chen, "An LED Driver With Pulse Current Driving
Technique," in IEEE Transactions on Power Electronics, vol. 27, no. 11, pp.
4594-4601, Nov. 2012.

J. C. W. Lam and P. K. Jain, "A High Power Factor, Electrolytic Capacitor-
Less AC-Input LED Driver Topology With High Frequency Pulsating Output
Current," in IEEE Transactions on Power Electronics, vol. 30, no. 2, pp. 943-
955, Feb. 2015.

M. A. Juérez, P. R. Martinez, G. Vazquez, J. M. Sosa and M. Ponce, "Analysis
and design for self-oscillating LED driver with high frequency pulsating output



Chapter 1: Introduction

[1.221]

[1.222]

[1.223]

[1.224]

[1.225]

[1.226]

[1.227]

[1.228]

[1.229]

[1.230]

[1.231]

[1.232]

[1.233]

current,” IECON 2015 - 41st Annual Conference of the IEEE Industrial
Electronics Society, Yokohama, 2015, pp. 003992-003996.

S. Moon, G. B. Koo and G. W. Moon, "A New Control Method of Interleaved
Single-Stage Flyback AC-DC Converter for Outdoor LED Lighting Systems,"
in IEEE Transactions on Power Electronics, vol. 28, no. 8, pp. 4051-4062, Aug.
2013.

C. A. Cheng, H. L. Cheng, C. H. Chang, F. L. Yang and T. Y. Chung, "A single-
stage LED driver for street-lighting applications with interleaving PFC
feature," 2013 International Symposium on Next-Generation Electronics,
Kaohsiung, 2013, pp. 150-152.

C. A. Cheng, C. H. Chang, H. L. Cheng and C. H. Tseng, "A novel single-stage
LED driver with coupled inductors and interleaved PFC," 2015 O9th
International Conference on Power Electronics and ECCE Asia (ICPE-ECCE
Asia), Seoul, 2015, pp. 1240-1245.

L. Huber, B. T. Irving and M. M. Jovanovic, "Open-Loop Control Methods for
Interleaved DCM/CCM Boundary Boost PFC Converters," in IEEE
Transactions on Power Electronics, vol. 23, no. 4, pp. 1649-1657, July 2008.

L. Huber, B. T. Irving and M. M. Jovanovic, "Review and Stability Analysis of
PLL-Based Interleaving Control of DCM/CCM Boundary Boost PFC
Converters," in IEEE Transactions on Power Electronics, vol. 24, no. 8, pp.
1992-1999, Aug. 20009.

Z. Wang, S. Wang, P. Kong and F. C. Lee, "DM EMI Noise Prediction for
Constant On-Time, Critical Mode Power Factor Correction Converters,"
in IEEE Transactions on Power Electronics, vol. 27, no. 7, pp. 3150-3157, July
2012.

"American National Standard for Electric Power Systems and Equipment—
Voltage Ratings (60 Hz), ANSI C84.1-2011".

B. Gray, "Demystifying 347V and 480V lighting installations," E Craftsmen,
Waterloo, ON, Canada, 2014. [Online]. Available: http://www.ecraf
tsmen.com/blog/demystifying-347v-and-480v-lighting-installations. Accessed
on: Oct. 20, 2015.

GE Lighting, East Cleveland, OH, USA, "480V to 277V step-down
autotransformers for applications up to 375 watts, " 2013.

M. R. Mendonga, E. Mineiro; Sa, R. P. Coutinho and F. L. M. Antunes, "AC-
DC single-switch three-phase converter with peak current control for power
LEDs," 2014 11th IEEE/IAS International Conference on Industry
Applications, Juiz de Fora, 2014, pp. 1-6.

R. P. Coutinho, K. C. A. de Souza, F. L. M. Antunes and E. Mineiro S4, "Three-
Phase Resonant Switched Capacitor LED Driver With Low Flicker," in IEEE
Transactions on Industrial Electronics, vol. 64, no. 7, pp. 5828-5837, July 2017.

A. R. Prasad, P. D. Ziogas and S. Manias, "An active power factor correction
technique for three-phase diode rectifiers," in IEEE Transactions on Power
Electronics, vol. 6, no. 1, pp. 83-92, Jan 1991.

E. Ismail and R. W. Erickson, "A single transistor three phase resonant switch

for high quality rectification," Power Electronics Specialists Conference, 1992.
PESC '92 Record., 23rd Annual IEEE, Toledo, 1992, pp. 1341-1351 vol.2.



58

Chapter 1: Introduction

[1.234]

[1.235]

[1.236]

[1.237]

[1.238]

[1.239]

[1.240]

[1.241]

[1.242]

[1.243]

[1.244]

[1.245]

[1.246]

[1.247]

D. S. L. Simonetti, J. Sebastian, and J. Uceda, "Single-switch three-phase power
factor preregulator under variable switching frequency and discontinuous input
current, " in Proc. 24th Annu. IEEE Power Electron. Spec. Conf., Seattle, WA,
USA, 1993, pp. 657-662.

M. S. Dawande and G. K. Dubey, "Programmable input power factor correction
method for switch-mode rectifiers,” inIEEE Transactions on Power
Electronics, vol. 11, no. 4, pp. 585-591, Jul 1996.

Yungtaek Jang and M. M. Jovanovic, "A comparative study of single-switch
three-phase high-power-factor rectifiers," in IEEE Transactions on Industry
Applications, vol. 34, no. 6, pp. 1327-1334, Nov/Dec 1998.

K. Yao, X. Ruan, C. Zou and Z. Ye, "Three-phase single-switch boost power
factor correction converter with high input power factor,” in IET Power
Electronics, vol. 5, no. 7, pp. 1095-1103, August 2012.

J. W. Kolar, H. Ertl and F. C. Zach, "A novel three-phase single-switch
discontinuous-mode AC-DC buck-boost converter with high-quality input
current waveforms and isolated output," in IEEE Transactions on Power
Electronics, vol. 9, no. 2, pp. 160-172, Mar 1994.

J. Minbock and J. W. Kolar, "Design and experimental investigation of a single-
switch three-phase flyback-derived power factor corrector," INTELEC.
Twenty-Second International Telecommunications Energy Conference (Cat.
No.00CH37131), Phoenix, AZ, 2000, pp. 471-478.

T.J. Omedi and R. Barlik, "Three-phase AC-DC unidirectional PWM multiple-
switch rectifier topologies-selected properties and critical
evaluation," Proceedings of IEEE International Symposium on Industrial
Electronics, Warsaw, 1996, pp. 784-789 vol.2.

B. T. Ooi, J. C. Salmon, J. W. Dixon and A. B. Kulkarni, "A Three-Phase
Controlled-Current PWM Converter with Leading Power Factor," in IEEE
Transactions on Industry Applications, vol. IA-23, no. 1, pp. 78-84, Jan. 1987.

B. T. Ooi, J. W. Dixon, A. B. Kulkarni and M. Nishimoto, "An integrated AC
drive system using a controlled-current PWM rectifier/inverter link," in IEEE
Transactions on Power Electronics, vol. 3, no. 1, pp. 64-71, Jan. 1988.

J. W. Dixon and Boon-Teck Ooi, "Indirect current control of a unity power
factor sinusoidal current boost type three-phase rectifier," in IEEE Transactions
on Industrial Electronics, vol. 35, no. 4, pp. 508-515, Nov. 1988.

S. Rajagopalan, D. M. Divan, R. G. Harley and J. R. Mayor, "Variable topology
boost-buck converter for maximizing power output from unbalanced electrical
generators," 2006 37th IEEE Power Electronics Specialists Conference, Jeju,
2006, pp. 1-7.

Z. Zhang, A. Mallik and A. Khaligh, "A High Step-Down Isolated Three-Phase
AC-DC Converter," in IEEE Journal of Emerging and Selected Topics in Power
Electronics, vol. 6, no. 1, pp. 129-139, March 2018.

R. F. Brewster and A. H. Barret, "Three phase AC to DC voltage converter with
power line harmonic current reduction," U.S. Patent 4 143 414, Mar. 6, 1979.
M. J. Kocher and R. L. Steigerwald, "An AC-to-DC converter with high quality
input waveforms," IEEE Trans. Ind. Appl., vol. [A—19, no. 4, pp. 586—-599, Jul.
1983.



59

Chapter 1: Introduction

[1.248]

[1.249]

[1.250]

[1.251]

S. Singer and A. Fuchs, "Multiphase AC-DC conversion by means of loss-free
resistive networks," Inst. Elect. Eng. Proc. - Circuits, Dev. Syst., vol. 143, no.
4, pp. 233-240, Aug. 1996.

U. Kamnarn and V. Chunkag, "Analysis and design of a modular threephase
AC-to-DC converter using CUK rectifier module with nearly unity power factor
and fast dynamic response,”" IEEE Trans. Power Electron., vol. 24, no. 8, pp.
2000-2012, Aug. 2009.

G. Tibola and I. Barbi, "Isolated three-phase high power factor rectifier based
on the SEPIC converter operating in discontinuous conduction mode," IEEE
Trans. Power Electron., vol. 28, no. 11, pp. 4962—4969, Nov. 2013.

G. C. Gallios, "An enchanced technique for reduction of off line converter input
harmonics," Proc. of Powercon, vol. 11, 1984, F-2 p. 1-F-2 p. 9.






Multi-cell three-phase
ac-dc LED drivers

Mistakes are, after all, the foundations

of truth, and if a man does not know what a

thing is, it is at least an increase in
knowledge if he knows what it is not.

— Carl G. Jung.

The present chapter discusses the use of specific compact, scalable and modular
solutions to drive LEDs in three-phase power grids by means of multi-cell ac-dc rectifiers.
For that matter, two topologies are proposed: the first takes advantage of the LFR
concept for the realization of the cells that it is comprised of, requiring their outputs to
be connected in parallel, thanks to the galvanic isolation included in the cells, in order
to conform the output of the driver which is then connected to the LED load without an
electrolytic capacitor. And the second, following a similar concept, instead of connecting
the cells in parallel, it takes advantage of the light properties to sum the light output of
each phase rendering a constant and perfectly safe light output without using electrolytic
capacitors. Throughout this chapter, the operation of both topologies is carefully studied,
both considering the steady state analysis and the dynamic analysis in order to obtain the
required tools for the correct design of both ac-dc LED drivers. In fact, for the second
ac-dc LED driver in which the cells are working under very specific conditions with both
high voltage and current output ripples rarely seen for ac-dc converters with PFC, a
study is required in terms of the conduction limits in order to discern whether the cells
are affected by this specific operation. Moreover, the proposed topologies are built and
experimentally compared in between and with the ones proposed in the previous
literature.

2.1 Introduction

In the previous chapter, a handful of methodologies to drive LEDs in three-phase
power grids were discussed. Most of these topologies have not been actually described in
literature as LED drivers but just as three-phase ac-dc rectifiers, which were considered
in this dissertation as potential candidates for the task taking into account the lack of
research on the topic. However, the multiple advantages of LEDs thoroughly discussed
along the previous chapter, allow them to replace traditional lights in household,
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commercial and industrial installations for a wide spectrum of power, ranging from a few
watts to a few kilowatts. In particular, the primary availability of the three-phase power
grid in commercial and industrial installations around the globe makes the use of specific
three-phase solutions a possibility aiming for high power luminaires (i.e. medium power
bulbs, tunnel lights, stadium spotlights, floodlights, etc.).

The most widely used method for driving LEDs in three-phase power grids has been
already discussed in the previous chapter based on using a stepdown auto-transformer per
phase in order to adequate the different input voltages, that could be found around the
globe, to acceptable voltage levels that a single-phase ac-dc LED driver could use at its
input. The drawbacks present in this technique are: the requirement of extra components
to remove the electrolytic capacitor, the availability of the neutral, the low efficiency
achieved due to the extra power stages and the auto-transformer, and the increase in
weight and cost caused by the auto-transformer.

From the theoretical standpoint, the removal of the electrolytic capacitor from the
driver can be performed naturally in a three-phase power grid due to the non-pulsation of
the total input power of the grid, as long as, all the phases supply the same load. Hence,
not requiring a large storage element in order to supply the load with a constant power.
The only requirement to ensure this performance is achieving unity PF per phase.
Consequently, if each phase demands a sinusoidal current in phase with its phase voltage,
then the input current of the phases can be defined by,

. N (t) Vgp . 2n
in()= =—"-5in (cot—N —), 2.1
N Rirr  Ripr 3

where vn(t) represents the phase voltage, vgp, represents the peak of the input voltage, Rirr
represents the equivalent resistor value of the converter performing as an LFR, o
represents the angular pulsation of the grid and N represents the phase under study, R, S
or T. It should be noted that R, S and T are given a fixed value to unify and simplify the
analysis. Consequently, N is equal to O for phase R, 1 for phase S and 2 for phase T. From
(2.1), it is possible to obtain the total input power demanded under the aforementioned
scenario by summing the power demanded by each phase, as,

2. 2 2

t \% 4 8

p, (D= Z w® =L {3- [cos(Zcot) +cos (th- _n) +cos (2cot— —TE)]} . 2.2)
~ Rirr  2Rppr 3 3

Considering that the sinusoidal terms at twice the mains frequency cancel each other, it
can be concluded that the input power of the rectifier is constant, if an LFR performance
is guaranteed per phase [2.1]. Hence, validating the previous premise.

The prior literature on the topic of three-phase ac-dc LED drivers focuses on two
different solutions, the first one is a single switch flyback [2.2], which is attractive due to
the low amount of active components, even though, it presents an efficiency about 80%
not suitable for an ac-dc LED driver. And a switched capacitor converter [2.3], which is
not able to achieve full diming, includes a high amount of components both active and
passive and does not include galvanic isolation. Therefore, the objective is the
achievement of a more efficient, compact and fully dimmable ac-dc LED driver without
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electrolytic capacitor and able to work in a wide input voltage range in any of the
three-phase ac power grid.

2.2 The Delco topology

One of the simplest ways in which a three-phase rectifier can be developed is by
means of three ac-dc converters with PFC, which will be defined from this point onward
as cells, each connected to each of the phases that comprise the three-phase ac power grid
and performing as LFR. This topology was proposed by Delco Electronics in 1979 [2.4],
see Fig. 1.1, and at the time had a handful of disadvantages [2.5]:

e The tolerances of the components that comprise the power circuit may vary
across the three individual converters. Hence, not being able to achieve a
complete removal of the six times the mains frequency harmonic as it has
previously studied [2.1]. This is solved nowadays by means of a central control
unit or a secondary control loop that ensures that each cell gives the same power
to the load [2.6].

e A very low third harmonic component in ix(t) cannot be maintained without
guaranteeing that each cell achieves a conduction angle of more than 150°, which
has been solved by means of using cells performing as LFR. This distortion on
the input current, translates on a significant ripple component on the current
across the LED load.
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Fig. 2.1. Delco topology driving an LED load.
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The main drawback present on this topology, comes from the tolerances which
requires a more complex control in order to attain a constant power at the output. That
being said, the advancements in capacitor technologies (i.e., MKP or MKT film
capacitors) have made possible to use a laxer central control by increasing the output
capacitor while guaranteeing an electrolytic capacitor free ac-dc LED driver. However,
this capacitor is still large.

The topologies that could make possible the performance of the cells as LFRs have
been discussed in Subsection 1.4.1.2.1. In this particular case, the necessity of galvanic
isolation to connect the cells in parallel at the output limits the possible choices, which
can be divided in single-stage or two-stage solutions. The latter being more complex both
in terms of components and taking into consideration the extra control required due to the
specific start-up of the Delco topology when using a two-stage approach for the cell in a
3-wire connection [2.7]. Most of the extra control is required to ensure the correct
performance as an LFR of the boost converter with PFC (i.e., PFC boost converter) that
comprises the first stage of each cell when operating as an LFR with a MBC. The reason
is that this method utilizes the phase voltage to conform the sinusoidal reference that
needs to be followed by the input current feedback loop, and which can become
compromised without a proper start-up. Hence, this premise can be extrapolated to any
topology that uses the input voltage as a mean to ensure the LFR performance of the dc-
dc converter.

In order to reduce the complexity of the control, the most common cell is based on
converters from the buck-boost family that include galvanic isolation working in DCM
as a voltage follower. The list of converters that could be considered for cell, includes the
flyback converter [2.1], [2.8], the isolated Cuk converter [2.9] and the isolated SEPIC
converter [2.10].

2.2.1  Steady state analysis

Nonetheless, for the analysis that is going to be carried out, the topology used for the
cell becomes almost transparent. Considering, all the cells need to perform as LFRs for a
proper operation of the Delco topology, then the condition set by (2.1) needs to be
satisfied. In particular and considering the definition of LFR, the value of the resistance
can be put in terms of control variable, v., and a certain constant, K;, that depends on the
design parameters of the converter, yielding the input current of each phase as,

Vv, 2n
(=2 Ve sin (mt—N ?) . 2.3)

The two aforementioned parameters, v, and K;, are summarized in Table 1.1 for the
most common converters which could potentially work as a LFR cell and the dual
inductor current-fed push-pull that will be introduced in Chapter 3. As can be seen, for
the converters from the buck-boost family v. depends on a quadratic control variable,
represented by the duty cycle, whereas the ones from the boost family depend, when
operating in a CCM with MBC, on the output voltage of the output voltage feedback loop,
va, and when operating in BCM on the time during which the main switch is on (i.e., on
time, ton). Particularly for the parameter K, it can be seen that for all the converters it has
a dependency with the main inductance, L, among other components but for the boost
operating in CCM with MBC without using line feedforward , in which it depends on the
gain introduced by the input current sensor, G;. In addition, the Cuk and SEPIC converters
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Table 2.1. LFR parameters of different common dc-dc converters.

Ve K] Leq
Flyback operating in DCM £ 2_L i
[2.11] T
Isolated Cuk operating in e 2L, LL,
DCM [2.12] T, n2L+L,
Isolated SEPIC operating in e 2L, LL;
DCM [2.12] T, L+L,;
Boost operating in CCM G
with MBC [2.13] Va ! -
Boost operating in BCM ‘ L
[2.14] on 2 )
Dual inductor current-fed ‘ L
push-pull operating in BCM on )

depend on their other inductance, L, refer to Fig. 1.19 (b) and (c). It should be noted that
these figure shows their non-isolated variants, thus the transformer turn ratio, n, needs to
be taken into account for the Cuk converter in accordance to [2.12].

In order to study the operation of the Delco topology, the simplest way is to replace
each of the cells for their equivalent LFR model, as seen in Fig. 2.2, and the LED load by
its equivalent model, taking into account an LED load comprised of m strings each with
n LEDs. From this scenario, it is possible to differentiate between the performance at the
input and at the output of this particular ac-dc LED driver. As can be seen, from the point
of view of the input, the circuit can be reduced to three resistors connected in a star
network to the three-phase power grid, which would guarantee that each phase would
demand a sinusoidal current in phase with their respective phase voltages.

Considering the output of the ac-dc LED driver, the problem could be reduced to three
parallel power sources connected to the LED load. For that matter, considering (2.2), and
rewriting Rigr in terms of K; and v, gives the average power consumed by the ac-dc
LED driver,

3v2
p,= _= Ve. (2.4)

Replacing pi» with the output power, po, (i.e., considering 100% efficiency) in terms
of v, and req, which represents the equivalent resistance of the LED load, and solving the
equation, gives the conversion ratio of the ac-dc LED driver as,

v, |31,
M=—-= __cha (25)
Vgp 2K1
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Fig. 2.2. Delco topology simplified by means of the equivalent model of the LFRs and the LED load.

being,
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From (2.4), it is also possible to calculate the value which v, should take for a certain
design under a very specific output current of the ac-dc LED driver. Hence, solving for
v with the same premise under which (2.5) was obtained, renders,

2K, . n 2
V= gV_ép ( V, teplot ErLEDlo) . 2.7
Equation (2.7), shows, as expected, a direct relationship between v, and i,. This
relationship makes possible the achievement of full dimming by means of lowering the
value of v, thus adjusting at the same time the current across the LEDs. This fact makes
possible the use of an output current feedback loop, hence, addressing one of the issues
considered in the prior literature on three-phase ac-dc LED drivers.

2.2.2  Dynamic analysis

The dynamic analysis of the Delco topology needs to be studied in order to ensure a
certain current level that guarantees good light quality on the LEDs (i.e., closing the
output current feedback loop). This is particularly important, considering the changes that
can occur in terms of the forward voltage, due to temperature swings or aging on an LED
load.
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From Fig. 2.2, the control of the ac-dc LED driver can be simplified as a problem of
three power supplies connected in parallel supplying the same load. Many works in the
previous literature have addressed the parallelization of power supplies [2.15]-[2.17].
From these works, a quick conclusion can be extracted: the most optimal way to control
the power supplies (i.e., the LFR cells) is for each one of them to have their own input
current loop to ensure they all demand the same amount of power. If they all receive the
same vc, under ideal conditions this control loop over the input power would not be
required, however, due to tolerances of the components it is the way to ensure correct
power sharing between the power supplies. However, in the case under study, this will
complicate the control and increase the cost, which is undesirable for an ac-dc LED
driver, as a current sensor needs to be included per cell.

The reason behind this extra control stage is explained due to one of the disadvantages
previously introduced for the Delco topology. As was previously stated, the tolerances of
the components comprising each cell would cause a component at six times the mains
frequency to appear in both output current and voltage. Although, this can seem to be
particularly important considering the dependency of K; on the main inductor of the cell,
in reality it can be easily solved by increasing the size of the output capacitor, without
incurring in the use of an electrolytic capacitor. This solution will end up limiting the
maximum attainable bandwidth, however, this is not seen as a drawback for an LED load,
as changes will not rapidly occur.

Considering the previous facts, the Rier values of the cells will be considered to be
equal in order to simplify the forthcoming analysis. Therefore, the three power sources
can be combined into one, see Fig. 2.3, whose value is equal to (2.4). The proposed current
feedback loop can be seen in Fig. 2.3, and is based on measuring the average output
current and comparing it to a current reference that represents the desired i,. The error
resulting from this comparison will pass through the Current Regulator (CR) block whose
output will be isolated and send to each cell in order to control them.

At this point and in order to design CR, it is necessary to obtain the transfer function
of the Delco topology using an equivalent analysis to [2.8], by using the average
small-signal analysis, presented in [2.18] for single-phase ac-dc converters.
Consequently, the starting point for this analysis would be the equation that can be
obtained from the circuit depicted in Fig. 2.3, which performs a constant power injection
over the LED load with a paralleled capacitor. Hence,

Fig. 2.3. Driving of the Delco topology for LEDs with an output current feeback loop.
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dv, . 3vi
P,=P;,= CoVo a Volo™ 2K, (2.8)
where v,(t) can be defined by,
. n
Vo=10V, 1Eptl, —TIiED- (2.9
m
Solving (2.4) and (2.9) into (2.8), yields,
3v2 . n n di,
Z_Kgll) ve =C, (nVnyED—Ho m rLED) o LED ¢

(2.10)

n
.2
+nV, gpiytH, o [LED:

Note that the variation of both vg, and v. with time is considered in (2.10), in order to
study its effects. The first one due to the variation that could occur on the peak voltage of
a three-phase ac power grid, considering as a simplification that these variations will
occur at the same time on all three phases, and the second one, due to the variation of the
control variable in order to adjust its level in accordance to a certain reference following
the output feedback loop.

It should be noted that from this point until the end of this subsection, the selected
notation will represent constants and variables particularized at a certain operating point
in capital letters, and variables describing small-signal ac variations in lowercase with a
circumflex accent, taking into account that lowercase variables without the circumflex
accent have been used for the static analysis. Then, perturbing (2.10), considering
i,=I,+,, V.=V +9, and Vap=VgptVgp, giVes,

3Vy, . 3v§pvc+3vgpvh 3V, Ve 5 %

+ + V9 F—— 2 =
2K, © 2K, K, =K, VoK, VwioK,
n n di, n ¢
C, (nVnyED +1, - rLED) o TLED 30 + (nVyiLED [,+21, - rLED) 1o

(2.11)
. N n di,
+ C, (nvnyED'Ho - rLED) o TLED +nV, 1epl,
, N 2N
+Io o "LED o —TLED-
At this point, it is necessary to eliminate the second order and dc terms, attaining,
2
Ve
2K,

) 3VngC A n n dio
Pt % = Co (V.m0 o e ) e (2.12)

n .
+ (nvyiLED—i_ZIo - rLED) L.

After performing the Laplace transformation to (2.12), the next expression can be
derived,
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3Vy, . 3VgV.
— V.t
2K, ¢ 2K,

. n N n ~
Vgp = COVO BrLEDSIO—i_VO (1+ch B rLED) 1. (2 1 3)

where V, and Req describe the particularization of (2.6) and (2.9) at a certain point of
operation, becoming,

_ nVLLED n

R~ I +ErLEDa (2.14)

and
n
V0: nVLLED'FIO E T ED- (2 1 5)

From (2.13), it becomes possible to obtain the required relationships between i, and
Ve, and 1, and Vg, which are necessary to correctly control the LED driver. Therefore
solving for the corresponding terms, gives,

G- e 1
igve \S)= 5~ = ,
- KV, B nr 2.16
L e Rey ) 210
G . 1, 3V V. 1
igvep \S)T = = ,
o Veplg —o KV, Co%rLEDS"' (%rﬁ_]i;)_ﬂ) (2.17)

Equations (2.16) and (2.17) conclude the mathematical analysis for any dc-dc
converter performing as an LFR. Nonetheless, to attain the correct transfer function for a
certain dc-dc converter it is necessary to substitute V. and ¥, in accordance to Table 2.2.

Table 2.2. Summarization of V. and v, for different common dc-dc converters.

Ve A
Flyback operating in DCM D> DA
[2.11]
Isolated Cuk operating in 5 -
DCM [2.12] D 2Dd
Isolated SEPIC operating in 2 .
DCM [2.12] D 2Dd
Boost operating in CCM v “
with MBC [2.13] a Va
Boost operating in BCM T :
[2.14] on on
Dual inductor current-fed A

Ton tOIl

push-pull operating in BCM




70 Chapter 2: Multi-cell three-phase ac-dc LED drivers

2.3 Multi-cell ac-dc LED driver based on the three-phase full-wave
rectifier

The reason for using the Delco topology in order to attain sinusoidal input currents
can be understood due to the limitations of dc-dc converters operating as LFRs in three-
phase ac power grids. Unlike the single-phase scenario, in which the connection of an
LFR after a full-wave rectifier shapes a sinusoidal input current, the three-phase scenario,
see Fig. 2.4, is unable to achieve this feat at the input of each phase. This limitation comes
from the intrinsic performance of an LFR that guarantees an input current following the
shape of the input voltage, which due to the three-phase full-wave rectifier is far from
being sinusoidal as only two diodes are conducting at a time, one from the upper section
(i.e. D1, Dy or D3) and one from the lower section (i.e. D4, Ds or D) of the rectifier. This
happens, because in the upper section only the diode whose anode is connected to the
highest phase voltage conducts, whereas for the lower section only the diode whose
cathode is connected to the lowest phase voltage conducts. Hence, shaping a non-
sinusoidal input current in each phase due to the conduction of the diodes, which has a
conduction angle of 120° coincidental with the time the diodes dedicated to each phase
are conducting. Furthermore, this problem is aggravated the higher the number of phases
are, as the conduction angle gets lowered even further. It should be noted that the diodes
dedicated for phase R are D and Dy, for phase S are D, and Ds, and for phase T are D;
and De.
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Fig. 2.4. Use of an LFR as an ac-dc LED driver at the output of a full-wave three-phase rectifier.

In order to solve this problem, a multi-cell topology is proposed and depicted in Fig.
2.5, where viy and viy define the input ports of each cell (i.e., a dc-dc converter working
as an LFR) and v{ and v; the output ports, which are connected to the LED load. The
concept is based on using an LFR in series with each of the diodes that comprise the three-
phase full-wave rectifier, in order to attain the required sinusoidal input waveforms. The
explanation for introducing the LFRs in series can be understood when looking at the
problem from a circuital point of view, as it is depicted in Fig. 2.6. If there are several
voltage sources with different values connected each in series with a diode feeding the
same resistive load, see Fig. 2.6 (a), only the diode connected to the highest voltage source
will conduct. This scenario is equivalent to the one depicted in Fig. 2.4, which has been
shown to be problematic to attain a three-phase ac-dc converter with unity PF. However,
if the load is equally distributed among several resistive loads which are then connected
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Fig. 2.5. Diagram of the multi-cell three-phase ac-dc LED driver based on the three-phase full-wave
rectifier.

a

Fig. 2.6. lllustration ofv(ol)tage sources with different values, each in series with a diode, feeding (a) the
same resistive load, and (b) a distributed load.
in series with their respective diode and voltage source, see Fig. 2.6 (b), then all of them
will be able to conduct, as each load can be fed independently. In that sense, this scenario
is equivalent to the proposed ac-dc LED driver shown in Fig. 2.5, however, having the
load distributed will not be of help to eliminate the electrolytic capacitor considering all
phases are required to supply the same load. For that matter, the cells will require galvanic
isolation, limiting in that sense the potential solution in a similar fashion to the Delco
topology, in order to feed the same load with a constant power.

The introduced ac-dc LED driver works similarly to the solution found in [2.19],
whose circuit can be seen in Fig. 1.24. (b). This solution based on a single-switch three-
phase flyback, requires a coupled inductor in series with each diode of the three-phase
full-wave rectifier. Then, taking advantage of the flyback operation in DCM all the
transformers can share the same switch to attain an LFR performance, while at the same
time having an independent output per phase that is connected in parallel to feed to the
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same load. Unlike [2.19] which works specifically for a flyback converter and only the
transformers are modularized, the proposed ac-dc LED driver studies the use LFR cells
that can be controlled independently adding some degree of freedom to the design. In
addition, this independent control enables the power control of each module to reduce the
effect of component tolerances, which is unavailable for the three-phase single-switch
flyback as they all share the same switch.

Similarly to the analysis carried out for the Delco topology, the first step to simplify
the study is replacing the PFC converters of Fig. 2.5 with their equivalent LFR model,
and the LED load with its equivalent circuit, see Fig. 2.7. Then, the analysis is simplified
from the point of view of the input to studying the conduction of the diodes in order to
demonstrate that the multi-cell LED driver based on the full-wave rectifier is able to
achieve unity PF at each of the phases, and from the point of view of the output to a
problem of parallel power sources feeding the same load.

Starting from the input, and considering that all the LFR cells attain the same value to
further simplify the analysis, then the problem is reduced to the aforementioned Fig. 2.6
(b). Hence, there are two diodes and two LFR cells exclusively dedicated to each of the
phases. In particular, one diode and one LFR cell are dedicated to the positive values of
the input phase voltage, and the other diode and LFR cell for the negative values. The
previous statement means that the current demanded by phase R depends on LFR; and D;
for the positive values and on LFR4 and D4 for the negative values, by phase S depends
on LFR; and D; for the positive values and on LFRs and Ds for the negative values, and
by phase T depends on LFR; and Ds for the positive values and on LFR¢ and Ds for the
negative values. Following this pattern, it is possible to adapt the topology to grids with
a higher number of phases (i.e., multiphase grids), by adding a combination of two diodes
and two LFR cells per each phase.

+ + +
\4 v v
Vi LFR, 0 Vin LFR, 0 Vi LFR; 0
A A A
RLFR -> pR+(t) RLFR -> Ps+(t) RLFR -> pT+(t)
v ) v ) \ 4
VN '—V.O VIN '—VO VN '—VO
D, D, D;
ve(t) -+ k()
)
vi() =+ 10)
Dy Ds Dy
. | LFR, v LFR; v, LFR, V5,
ViN —° Vi VN ———°
A A A
RLFR§ - (pr-(t) RLFR§ - ps-(t) RLFR§ —-|[pr(t)
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VN ——o v ——o vy ——
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Fig. 2.7. Simplified diagram of the multi-cell ac-dc LED driver based on the three-phase full-wave rectifier.
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Fig. 2.8. Theoretical conduction of the low frequency diodes depending on the phase voltages, in the
multicell ac-dc LED driver based on the full-wave three-phase rectifier.

Considering the introduced operation, and unlike the three-phase full-wave rectifier,
where two diodes conduct at the same time, the multi-cell LED driver based on the full-
wave rectifier attains conduction angles of 180° by making three diodes conduct at a time
due to the distribution of the load. For that matter, Fig. 2.8, summarizes the conduction
of the diodes for a whole line period. As can be seen, every 60° there is a phase that swaps
between positive and negative causing one diode to stop conducting and enabling another
one. Therefore, the topology can be divided into three stages for each of the diodes that
comprise the three-phase full-wave rectifier.

As an example, the conduction of D, will be studied in detail, which corresponds to
the upper diode of phase S. Hence, its conduction coincides with the positive half line
cycle of said phase, in accordance to Fig. 2.8 from t; to t4. During this time, there are two
other diodes conducting depending on the voltages of the other two phases. From t; to t»,
see Fig. 2.9 (a), Ds has stopped conducting due to phase S going from negative to positive
values, causing D, to start. From t; to t3, see Fig. 2.9 (b), it is phase T the one that goes
from positive to negative causing Ds to start conducting in detriment of De. The last stage
from t; to ts4, see Fig. 2.9 (c), represents the time at which phase R goes from negative to
positive causing D4 to stop conducting and D, to start. This analysis is equivalent to any
of the diodes, hence, reaching the simplified operation of the driver in Fig. 2.9 (d).
Therefore, the operation is equivalent to Fig. 2.2, sharing both the static and the dynamic
analysis carried out before in Section 2.2, for the Delco LED driver, and which will ensure
the desired unity PF on any of the input currents for the multi-cell LED driver based on
the three-phase full-wave rectifier.

That being said, the differences between the two topologies need to be further
discussed. The first difference between them can be understood in terms of how many LF
diodes conduct at the same time. In that sense, for the Delco ac-dc LED driver there will
be 6 LF diodes conducting, due to single-phase full-wave rectifiers, whereas for the
topology under study there will be only 3 LF diodes, as shown in Fig. 2.8 while using
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Fig. 2.9. Example of operation during the positive half line cycle of phase S. (a) Equivalent circuit during
[t1, t2]. (b) Equivalent circuit during [t , t;]. (c) Equivalent circuit during [t; , t]. (d) Simplified operation of
the driver.
three LFR cells at a time on both of them. This is an improvement as the multi-cell LED
driver based on the three-phase full-wave rectifier will incur in less conduction losses
than the Delco ac-dc LED driver. However, these advantages comes at the price of almost
doubling the amount of components, which increases the cost and lowers the reliability
of the solution in comparison to the Delco ac-dc LED driver. Nonetheless, doubling the
amount of components is not necessarily bad, as has been seen, each of the LFRs only
work during half line cycle, meaning that thermally the performance of each cell will be
much better causing the multi-cell LED driver based on the three-phase full-wave rectifier
to theoretically scale much better than the Delco ac-dc LED driver. In fact, this thermal
improvement can be explained thanks to Fig. 2.10, where the power handled by each of
the LFRs is depicted against the line phase, showing that the conduction of the LFRs
occur over half line cycle translating in each LFR processing half of the power in
comparison to the Delco ac-dc LED driver.
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Fig. 2.10. Power handled by each LFR during a whole line cycle in terms of line phase and p,. (a) Upper
section LFRs. (b) Lower section LFRs.
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Even though, the amount of components used in a multi-cell converter can be seen as
a disadvantage, it can also be leveraged considering that the basic cells are scalable. The
scalability is based on modularizing the cells by adding several cells and connecting them
in series and/or parallel to achieve a total cell capable of processing higher powers, see
Fig. 2.11. In that sense, the issue is guaranteeing an acceptable voltage and current sharing
between the several cells that can comprise the total cell which can be achieved with a
proper control. This method as any modular converter allows the use of optimized
components to further increase the performance of the cells at the cost of increasing the
complexity of the central control unit and decreasing the reliability. The aim with this
modularization is to attain efficient, compact and robust cells that can be used as the
building blocks of the ac-dc LED driver in order to cover a wide range of power.

RLFRII

Ry “ Rirr21

RLFRnl RLFRnZ RLFan

Fig. 2.11. Using several LFR cells to form a cell with higher power capabilities.

2.4 Multi-cell ac-dc LED driver based on summing the light output of
each phase

The cells that comprise the two ac-dc LED drivers previously introduced, require
galvanic isolation in order to remove the electrolytic capacitor and achieve an acceptable
lifespan that complies with ENERGY STAR®. In fact, according to [2.20], for high power
luminaires the preferred solution is a two-stage comprised of a PFC boost followed by an
isolated dc-dc converter, as stated in Chapter 1. Particularizing this two-stage cell for the
Delco ac-dc LED driver, see Fig. 2.12, it should be noted that the only purpose of the
second stage is achieving galvanic isolation, hence, its control can be simplified to an
electronic transformer with a fixed gain. In that scenario, the PFC converters would be
the ones responsible for controlling how much power is given to the LED load.
Nonetheless, the amount of components and cost will increase in comparison to a single-
stage cell.

In this section the proposal is to completely remove the second stage and distribute
the LED load between the phases, see Fig. 2.13. For each of the phases, the behaviour of
the cell is equivalent to the single-stage proposed in [2.21] for driving an HV LED load.
The main issue is the disposal of the electrolytic capacitor which for the aforementioned
solution is based on operating in DCM while injecting a third harmonic component to the
current reference, further complicating the control circuitry and hindering the compliance
with the IEC 61000-3-2 Class C. Hence, it only fulfills the conditions set for Class D,
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Fig. 2.12. Delco ac-dc LED driver, using a multi-stage approach for each of the cells.

limiting this solution for low power applications (i.e., below 25 W), which is not desirable
for ac-dc LED drivers aimed for high power luminaires in a three-phase ac power grid.

Considering the non-pulsation of the three-phase power grid, all the previous drivers
were able to dispose of the electrolytic capacitor. In this particular case reducing the size
of the output capacitor of each cell (i.e., Cg, Cs or Cr, referred as Cx) to an adequate value
will cause the current to not be constant incurring, in a single-phase scenario, into
outputting a light with a perceptible flicker [2.22]. However, taking advantage of the light
properties, the low frequency component that modulates the light will be cancelled
between phases considering the light output of the LED driver as the sum of the light
output of the phase and obtaining a theoretically constant light output, method which was
used during the Beijing 2008 Summer Olympics in the National Stadium, also known as
Bird’s nest, with several spotlights each of 1.5 kW and 125,000 Im [2.23].

2.4.1  Analysis in terms of the output capacitance

Even though, the cells are particularized in Fig. 2.13 for PFC boost converters in order
to illustrate the removal of the second stage, any LFR is suitable to be working as a cell
of the proposed ac-dc LED driver. In fact, from this point onward the PFC boost is going
to be replaced with its equivalent LFR model, considering that all of them achieve the
same resistive value, and the LED loads with their equivalent circuital model, see Fig.
2.14. As can be seen from the input point of view the behaviour is the same as the previous



77 Chapter 2: Multi-cell three-phase ac-dc LED drivers

* i\\ +
A
— + = CR ! \ VoR(t)
Q_I,: Vl-)Sl(t) n
? VG_EI(t) ¥\\ -
Vr(t) +iR_(Q Lo D, ioi(?
vs(t) 2 +1s(® * i\\ +
- CS \\ Vos(t)

von(®) | L A

—>}

L 3 D3 ioT (t)

X

mm | g
i\\ )
N
+ = Cr N voT(t)
n

Q_3,: Vps3(t)

—

vasi(®) | L A

x

vT(t)@+iT£t2 T @ | vos®) ;n
5
5

3

Fig. 2.13. Multi-cell ac-dc LED driver based on summing the light output of each phase.

ac-dc LED drivers, achieving a resistive star configuration that guarantees sinusoidal
current waveforms as long as the LFR performance is not compromised. Then, from the
point of view of the output, the problem is reduced to an ideal power source feeding both
the output capacitor and a string of LEDs connected at the output of each cell.

Taking into account the premise of summing the light output of each cell, the first
study carried out is to estimate the theoretical ripple of the low frequency component that
modulates the total output luminance (l,) of the ac-dc LED driver in order to foresee
whether an electrolytic free ac-dc LED driver can be achieved. For that matter, 1o(t) will
be determined as the sum of the current through each of the LED loads that comprise the
LED driver, ior(t), ios(t) and ior(t), in accordance to its proportionality to the light
supplied. Hence,

10 (t):a(ioR (t) +iOS (t)+ioT (t))a (2 1 8)

where o represents a constant that takes into account the linear relationship between the
low frequency modulation of the light and the current provided to the LEDs. It should be
noted that the currents across each of the LED loads is pulsating in contrast to the
aforementioned ac-dc LED drivers where the output current (i.e., i,) was constant. Even
though, each of the PFC boost will be driving an LED load comprised of one string of
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Fig. 2.14. Simplified diagram of the multi-cell LED driver based on summing the light output of each cell.

LEDs, thus working as the post-regulator stage, the forthcoming analysis will consider a
matrix LED load.

2.4.1.1 Study without a capacitor at the output of the cells

This first study will shed some light on whether it is feasible to achieve a non-flicker
performance when driving the LEDs with pulsating currents at double the mains
frequency. The current through the LEDs of each phase can be obtained by analyzing and
solving a simple circuit of a power source in parallel with an LED load. Hence,

2 . n
Py (O=ion (Onreep i (0 - Vy e (2.19)
Then, solving for ion(t) in (2.19), yields,
2v/2 o
. v, o+ J 02V, T4 TiepPy (D) (2.20)
IoN (t): n 5 ’

2—r
m [LED

where a lossless LFR performance is considered, defining the instantaneous input power
from each phase, pn(t), as,
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2

v 2n 2n
Py (= RLg;R sin’ (mt—N ?) :2pNsin2 (mt—N ?) . (2.21)

where, pn is the average power consumed by each phase.

After, reaching the mathematical expression of ion(t), it is possible to combine (2.18)
and (2.20) to obtain l,(t). However, this is not a practical expression to draw conclusions
from, unless it is processed by a numerical computing environment. In order to understand
the dependencies of (2.20) it will be normalized, as follows,

I 2n
oxnom (=25 14 148 PLED g2 (mt—N —) , (2.22)
' 2 base 3
where, the newly defined parameters are,
vy
Ibasc: o P (223)
I'LED
PN
= 2.24
PLED om’ ( )
and,
Pbasc:VnyEDIbaSC' (225)

It is important to note that prep defines the power of one of the LEDs that comprise
the LED load, taking into consideration that ideally all the LEDs process the same amount
of power. In addition, the ratio between prep and Ppase, Which as can be seen defines the
maximum amplitude of the current versus time, is defined in terms of the parameters that
can be found in the LED datasheet. Hence, the values that this ratio can take are limited
in accordance to the current LED technology, see Table 2.3 where prep is selected as the
maximum power attainable for that particular LED. This table summarizes that the trend
for the newer LEDs is minimizing the aforementioned ratio, being 0.2 in the worst case

Table 2.3. Evaluation of different commercial LEDs to attain their maximum value of the ratio prep/Ppase

Prep [W] VyiLED[V] rLep [2] Max {pLED

/Pbase}
Seoul Semi W42180 [2.24] ) 25 0.625 02
Obsolete
Luxeon Rebel ES [2.25] 2.5 2.6 0.3 0.11
Luxeon 5050 [2.26] 2.5 21 25 0.14
Cree XLAMP XB-D [2.27] 2.5 2.7 0.4 0.14

OSRAM OSLON SSL 150 [2.28] 2.5 2.8 0.57 0.18
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Fig. 2.15. Comparison between the theoretical, (2.22), and the approximated, (2.26), normalized current
for different values of the ratio prep/Prase. (@) pLen/Prase = 0.1. (b) prep/Prase = 0.5.

scenario for an obsolete LED. Then, it is safe to set the maximum limit of this parameter
to 0.5 taking into consideration a safety factor.

Under this assumption, and considering the periodicity of (2.22), it is possible to
empirically approximate this function as,

I 11 2n
oo @=22 (148 I;‘;ED 1) (3-5c0s <2cot-N?)> , (2.26)
taking into account the waveform it describes for values of pLep/Ppase lesser than 0.5 can
be approximated for a constant value plus a sinusoidal component at twice the line
frequency. In order to justify the aforementioned approximation (2.22) and (2.26) are
compared in Fig. 2.15 for two different values of prep/Prase. As can be seen, for the
maximum value of prep/Pease, previously defined, the approximation is not able to
perfectly reproduce the middle values of the waveform, however, the closer this
parameter gets to zero, the better the approximation is. Even so, it is safe to assume the
use of the approximation within the defined limits for commercial LEDs.

By combining (2.18) and (2.26), it is possible to obtain the output luminance of the
LED driver as,

~ 3ulbasc 1+ PLED

0,norm — 4 8

1, (2.27)

base

taking into account that in a balanced three-phase power grid the components at double
the line frequency cancel each other.

The approximation gets rid of a component at six times the line frequency which for
the range of values set for prep/Prase ratio can be considered negligible, see Fig. 2.16. In
this figure, (2.27) is compared to the theoretical luminance output, obtained from
combining (2.18) and (2.20). As expected, the lower the value of prep/Ppasc the lower the
ripple at six times the mains frequency actually is.
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In addition, considering the theoretical waveform depicted in Fig. 2.16, obtained from
combining (2.18) and (2.20), it is possible to obtain an analytical waveform of the output
luminance, by obtaining the Fourier series coefficients under the ideal consideration of
each phase outputting the exact same light out of each of the LED loads. Hence, the next

expression for 14(t) can be obtained,

Lmax+Lmin Lmax 'Lmi

>

I, (D)= 2 cos(6mt
(D=2 " cos(601),
where,
n
_ + 2y/2 +6 —
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. 2y/2 o
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- 2y2 an
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m LED

>

(2.28)

(2.29)

(2.30)

are the maximum and minimum luminance of the total LED load, which are obtained

from combining (2.18) and (2.20), and solving ot
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Fig. 2.16. Comparison between the theoretical and the approximated normalized output luminance for
different values of the ratio prep/Prase- (@) prep/Prase = 0.1. (b) prep/Ppase = 0.5.

In (2.28), 1o(t) is defined by a dc component and a sinusoidal component at six times
the mains frequency. This is the expression to be used for values prep/Ppase higher than
0.5, and whose sinusoidal components needs to be studied in order to be able to guarantee
a flicker free performance under the aforementioned conditions. Nonetheless, current
LED technology ensures prLep/Puase lower than 0.5, thus, rendering a constant light in

accordance to (2.27).
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In summary, this study foresees that under ideal conditions, an LFR without an output
capacitor feeding an LED load, would supply, as expected, the LED load with a current
pulsating at twice the line frequency between zero and a certain maximum current.
Particularizing for the three-phase scenario, it is possible to attain a constant output
luminance able to comply with the flicker regulation. However, the biggest disadvantage
of this ac-dc LED driver comes in terms of the maximum current values that the LEDs
will need to withstand due to the current pulsation, which will cause the LEDs to be
oversized or duplicated in order to be able to handle it.

2.4.1.2 Study with a capacitor at the output of the cells

The aim of this section is to solve the aforementioned disadvantage, (i.e., high current
ripple across the LED load) by adding a capacitor in parallel with the LED load at the
output of the cells. This capacitor needs to fulfill two conditions, it needs to have a big
enough capacitance to reduce the output current ripple, but have a small enough
capacitance in order to have an electrolytic free ac-dc LED driver.

The study can be carried out in a similar fashion to the previous one. However, it is
required to start over the mathematical analysis as the condition set in (2.19) is no longer
correct due to the introduction in the circuit of an output capacitor. Hence,

dvon (D) .
PN (D=Covon () —5 Vo (Dion (0. (2:31)
where von(t) can be defined as,
. n
VoN (t) :nVLLED +10N (t) a TLED- (232)

Similarly, the next step is solving for ion(t) in (2.31), to obtain its mathematical
expression. However, (2.31) is a complex differential equation that requires knowing
beforehand the mathematical expression of its solution. Fortunately, it is a well-known
fact that the output current of a PFC converters follows a sinusoidal waveform at twice
the line frequency with a certain dc level, in which case,

2n
ion(D=i, sin (th—(p- ?N> +Higes (2.33)

where i, is the peak value of the ac component, iqc is the dc level of the output current
and ¢ represents a certain phase delay.

It becomes obvious at this point that the forthcoming analysis for one of the phases,
will be the same for the other two. Therefore, phase R will be the one to be studied,
becoming this study equivalent for S and T.

Substituting (2.21) and (2.33) into (2.31) sets the starting point to attain the
expressions of the three aforementioned parameters (i.e., iac, iac and @) that define ion(t).
Hence, the next expression can be yielded,

2py sin® (ot) =a,1,.cos(2ot-) + a,i, sin(2wt-¢)

2
i. »\n . (2.34)
+ (% +1(210> —TeptaenVy s
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where the parameters a; and a; are defined by,

n .
al:CNanEDZ(,O (B rLEDldc+nVY7LED) . (235)

n
(= i 2.36
ay (2 m 15550 ldc+nVy—LED> . ( )
Equation (2.34) is obtained after removing the components at four times the line
frequency, which are considered to be negligible, and considering that the LFR cells are
lossless (i.e., pn = po). Grouping the components of (2.34) in terms of dc and sinusoidal
components at twice the line frequency gives,

2
lac . n .
PR~ (7 +1§c> m TepHgenVy o (2.37)
and
Py c0s(2t) =a,i,.cosLwt-0) +ari, sin(2ot-9) . (2.38)

At this point the system defined by (2.37) and (2.38) needs to be solved, unfortunately,
this system of two equations contains three unknown variables, which further complicates
obtaining the solutions. In order to attain a useful model from an engineering perspective,
a simplification can be made taking advantage of having an LED load, which is removing
iac from (2.37). This is a fine approximation that dramatically decreases the mathematical
complexity of both the analysis and the expressions of the required parameters. In fact,
this approximation can be performed considering that the variation in terms of output
voltage produced by i, in comparison to nV, rep and i¢ can be considered negligible. In
addition, taking into account that the maximum achievable value of ia is idc, which is
obtained in the previous scenario (i.e., Subsection 2.4.1.1) without an output capacitor,
then the impact of removing this term will be higher the lower the output capacitance is.
Under this assumption, igc can be easily obtained from (2.37) by solving a second degree
equation, yielding,

2y/2 n
. _nVLLED +\/ I VWLLED 4 m 'LEDPR (2.39)
ldC: n . *
2  FLED

After obtaining iqc, it is now possible to solve (2.38) for the remaining parameters.
This equation can be simply tackled by applying wave superposition theory, which is
widely used in other fields of study [2.29], reducing the problem to the sum of two plane
waves with different amplitudes. This sum gives a sinusoidal waveform with a different
amplitude and phase than the originals, thus (2.38) can be rewritten as,

-a
-pg €0s(20t) =iy ’a%+a§cos (2cot-q)+ tan™! (a—lz>) . (2.40)

Then, solving for i, and ¢ in (2.40) gives,
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.
’a%+a% (2.41)
o= tan"! (ﬂ) . (2.42)
aj

Knowing the mathematical expressions of the required parameters, it is possible to
obtain a relationship between the required output capacitance for a certain peak-to-peak
current ripple (Aicn), as,

1 PX 2

a2, (2.43)
n . 2 4s2 2
(E T1EDldc +nVY7LED ) 2m 41dCA1CN

CN: n

—r

m LED

At this point, the output capacitance can be obtained, and it seems that the analysis
has ended, however, it becomes necessary to study the variation of ion(t) in terms of the
aforementioned parameters (i.e., iac, idc and @) to foresee the feasibility of reducing enough

the ripple by utilizing low capacitance values at the output of each cell. For that matter,
the expression of ion(t) is going to be normalized.

The normalization is tackled by solving the generalized form for any of the phases of
(2.35) and (2.36) into (2.41), as a first step, yielding,

_pN

1.~ 5
5 /n ] 2 n ] 2 (2.44)
\/ ks (a I'LED ldc"‘nVnyED) + (2 m [LED ldc"‘nVnyED)
where the dimensionless parameter k, is defined by,
K, =20Cy — 2.45
n—<0OLN m I'LED - (2.45)
Factorizing %rLED iy, in (2.44) yields,
i= Pn
“n . . . ’ (2.46)
ErLEDldc\/krzl (i, t1)? + (2iy+1)?
where the dimensionless parameter i, is defined by,
. idc
i,=—-. (2.47)
Ipase

Similarly to the ratio prLep/Puase, introduced in the previous subsection, i, is also a
parameter dependent on the LED technology. In fact, if numerator and denominator of
(2.47) are both multiplied by nV, rep, the expression can approximated for the
aforementioned ratio under the assumption that px can be considered to almost equal to
nV, Lep multiplied by i¢.. Hence, i, can be limited in the same way the ratio prep/Phase 1S
(i.e., between 0 and 0.5).

Equation (2.37) can also be expressed in terms of iy as,
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pyide = rep (1), (2.48)
considering the previous approximation applied to it.
Then, combining (2.46) and (2.48) yields,
e normkic -ige (i, 1)

id =
\/ (2i,+1)2+k2 (i, +1)?

Following the same principle, it is also possible to normalize (2.42), attaining,

(2.49)

-(2i,+1)
=tap! [ =222
Qo= tany (kn(in-i-l) . (2.50)
The next step in this analysis is factorizing (2.33) in terms of i4c, yielding,
. T . 2n
ion (D=4 [1ac,n0rms1n (th—(pnorm— ?N> +1] . (2.51)

Then solving into it both (2.49) and (2.50), gives the normalized expression of ion(t) as,

[ | 1

ioN norm (t): [ (1n+1) sin (2(,0t— tan™! <—- (21n+1)) - Z—RN> +1

' - 2 KGoD) 3
\/(21n+1)2+kn (i,+1)2

The mathematical study carried out, which was particularized for phase R, can be used
for any of the phases, and as such, (2.52) gives at a glance the variables on which the
output current of an LFR cell depend. Hence, it is possible to study the impact of varying
ks, which linearly varies with the output capacitance, and i,. On the one hand, Fig. 2.17
(a) and (b) show the normalized output current when varying the aforementioned
variables, showing that the output current ripple increases as k, decreases, which means
that the ripple, as expected, increases as the output capacitance decreases. On the other
hand, it also shows that i, does not have an actual impact on the analysis, considering the
lower i, used as a feasible attainable value for the newer LEDs on the market (i.e., i, = 0),
and the highest considering obsolete LEDs (i.e., in = 0.25).

. (252)

In summary, this analysis shows that it is possible to diminish the ripple to a certain
extent without using an electrolytic capacitor, likewise, it is necessary to foresee under
this conditions whether a constant luminance output of the driver is obtained. Then,
substituting (2.52) into (2.18) gives,

1,(D=03i4, (2.53)

taking into account that, again, the sinusoidal components at twice the line frequency in
a balanced three-phase power grid cancel each other. Thus, it can be concluded that in
this scenario a constant output luminance can be obtained independently of the value of
the output capacitor.
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Fig. 2.17. Normalized output current versus line phase in terms of k, for (a) i, equal to 0.05 and (b) i, equal
to 0.25.

24.2 Limits between CCM and DCM

The higher ripple allowed at the output of each of the cells, both in voltage and current,
does not correspond with the conventional operation of a PFC converter, in which the
voltage and current are to be as constant as possible. Under the last assumption, the limits
between CCM and DCM have been already studied in [2.30], hence, it is required to study
the limits between CCM and DCM under high ripple conditions. In fact, this study proves
to be key in order to correctly design and select the magnetic component of the LFR cells.

The importance of having a correctly designed inductor can be understood to reduce
size and weight of the inductor, and thus of the ac-dc LED driver, but it is also key to
ensure the correct operation of the LFR cells. For example in the case of a PFC boost,
which as has already been explained can perform as an LFR cell under several operating
conditions [2.14], then operation needs to be guaranteed in CCM: to diminish THD under
a MBC [2.13], for one cycle control [2.31], non-linear carrier control [2.32], [2.33] or
voltage ramp compensation control [2.34]. In addition, operation in DCM needs to be
guaranteed on a PFC boost converter for a voltage-follower control, although it requires
a high conversion ratio to achieve almost unity PF [2.35]. For that matter the first analysis
to be carried out will be considering the LFR cell operating under fixed switching
frequency. The other scenario analyzed in this section includes the LFR cell operating
with variable switching frequency and constant on time, control under which a PFC boost
is able to operate in BCM.

2.4.2.1 Fixed switching frequency

Following the analysis, similarly to [2.30], the first parameter that needs to be
calculated is the voltage conversion ratio in terms of the line phase, which can be defined
by relating the input and output voltages for phase R as,

. n o n
0V, o tiae e o SINQot-9) —ripp

Vgpsin(ot)| Vgplsin(ot) |

m(ot)= , (2.54)

considering as the input voltage of the LFR cell a rectified sinusoidal waveform and,
again, being equivalent for the phases S and T. Moreover, in (2.54), the first term
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represents the traditional component studied in [2.30], whereas the second term represents
the ripple.

Then, the analysis requires obtaining the load as it is actually "seen" by the converter,
which is defined by,

2
(an,LEDJr(iac sin(Qot-¢) +i dc) % rLED)

2p, sin®(ot)

r(ot)= (2.55)

The limits between CCM and DCM in an LFR can be studied similarly to any dc-dc
converter by obtaining the mathematical expressions of k(wt) and keii(wt), which in
accordance to [2.36], set the operating conditions for the different modes as,

CCM: k(t) >k, (ot), (2.56)
DCM: k(ot) <k_. (ot), (2.57)
BCM: k(wt) =k (ot). (2.58)

Although, the mathematical expression that defines k(wt), which can be defined as,

2L,

k(o= Tr(wt)’

(2.59)

is the same for any dc-dc converter, kerif(®t) changes significantly depending on the de-dc
converter used as an LFR, see Table 2.4 for the basic dc-dc converters. Hence, from this
point onward the analysis will be particularized for the boost converter by selecting its
kerit(ot), taking into account it is massively used for this specific application. Nonetheless,
the analysis can be extrapolated to any other converter.

Table 2.4. k..i(wt) for the basic dc-dc converters [2.30], [2.36].

Buck Boost Buck-boost

m(wt)-1 1
Kerit(ot 1- t —_— PR
(@) m(o) m(wt)? (l-m(cot))2

At this point it is possible to obtain the limits between modes under the presented
conditions. Therefore, solving (2.59) and keii(ot) of the boost converter into (2.56),
yields,

2L, S m(wt)-1
To(ot) - m(wt)?’

which establishes the condition to fulfill CCM operation. Then, substituting (2.54) and
(2.55) into (2.60) gives,

(2.60)
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4L,p, sin®(ot)

2
T, (an,LED+(iac sinQwt-¢) +i dc) % rLED>

>

(2.61)
an,LED+(iac sinQot-@) +i & ) — T pp-Vgp|sin(ot)|

(HVV*LED—ir(iac sin(2wt-¢) +idc) % rLED>

Grouping terms and simplifying (2.61) yields,

(Vgp |sin(wt) |)

Lip
SR> max{ky (08), 2.62)
TSVgp

where,

NP0 s (Its)m ]

Maximizing ka(ot) in (2.62) gives the condition that guarantees CCM operation for
the whole line period. This function can be easily maximized taking into account that its
maximum exists when the sine reaches the zero value, then (2.62) can be rewritten as,

(2.63)

4L py -
Tyv2,

(2.64)

Therefore, by solving for L in (2.64), the inductor that guarantees CCM operation can be
calculated as,

T v2
£ (2.65)
4py
In a similar fashion, to work in DCM for the whole line period, (2.57) needs to be
satisfied. Thus,

L>

4Lp .
“R < minfky (0t)}. (2.66)
ngp
Unfortunately, the minimization of kx(wt) is not trivial and the function needs to be
studied either graphically or numerically. In that sense, to alleviate the study, (2.63) will
be normalized, taking as a first step solving (2.32) and then (2.52), which gives,

[sin(wt)|
- Vep
k; (ot)=1 - 0 . (2.67)
nv, g [ sm(Zcot 1|2t
Y 1pp de (Pnorm m TLED
Next, factorizing the denominator in terms of nVy Lep, yields,
Vgn|sin(ot)]
k2,n0rm ((Dt):l - g 5 (268)

1+, [laclnorm sin(2ot-¢,__ )+1]
d

where,
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— gp
Vgn_ nv . (269)

Y_LED
It is this dependency of ko(wt) on parameters that are related to the output capacitance
(i.e. lac;norm and @norm), Which causes the difficulty of obtaining an analytical solution for
its minimization. This fact marks an important difference for a DCM design when
compared to the solution found in literature [2.30] with constant output voltages and
currents. In fact, these changes will be seen later in this document, during the discussion
of Fig. 2.18.

From (2.68), it is possible to derive a generic function for any of the phases as,
sin (cot- 23—nN)|
1+in [laclnorm sin (Z(Dt -0 2n N) +1]

de norm~ 3

Ven

K> norm N (@)=1 - , (2.70)

2.4.2.2 Variable switching frequency

The analysis for variable frequency focuses on studying the switching frequency
limits on a boost converter. For that matter, relating the input current with the current
across the inductance if an LFR performance is obtained, the input power of the phases
can be defined as,

v2 2n
pN(t):—ton sin (cot-;N) , (2.71)

where to, defines the constant on time of the main switch and the subscript N of LN refers
in this particular case to its numerical value (i.e., the value phases R, S and T were
assigned, 1, 2 or 3). Then, averaging (2.71) and solving for to, yields,

2p In
o= (2.72)
Vep
Next, applying volt-second balance to the main inductor, gives,
Vap [SiN (@t Von (1) -V, |sin(ot
eplsin( )It N N (D-vgp [sin( )ltoff(t):o, 2.73)

Ly on Ly

where tor(t) defines the variable off time on the main switch. Solving for to(t) in (2.73)
and considering the variation of the period over a line cycle, yields,

VoN (t)ton
Von (D-Vgpsin(ot) |

Ts (t) :t0n+t0ff(t) = (2 . 74)

Consequently, the switching frequency, f(t), can be obtained from (2.74), previously
solving (2.32) into it, as,

nVv, o Hon OF o TLEDVep [sin(@b) |

(nVnyED +10N (t) E rLED) ton

f.(0)= (2.75)
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Next, the maximum and minimum values of (2.75) are to be determined. Because of
the relationship in this scenario between frequency and duty cycle, this function resembles
ko(ot), then, (2.75) can be rewritten as,

k2,n0rm ((Dt)

t()l’l

(0= (2.76)
Accordingly, the maximum value of f(t) will happen exactly at the same point as for
k2,norm(0)t), meaning that,

fs,max: ton- (277)

Unfortunately to calculate its minimum value it is necessary to normalize the
switching frequency by normalizing (2.76) even further by factorizing nVy ep, thus
obtaining,

2y2 2
fS norm (t): kz’nom ((Dt)n VY?LEDvgn . (2-78)
’ 2p, Lx

Equation (2.78) gives all the information required to understand the effect of varying
several design parameters on the switching frequency of the converter. In fact, it is
possible to plot (2.78) versus the line phase while varying the three normalized variables
(i.e., kn, 1n and vg), one at a time, obtaining Fig. 2.18. In addition, Fig. 2.18, serves two
purposes, the first is the analysis of variation of the switching frequency, and the second
is the study of the minimum value of kj norm(t), for the fixed frequency scenario and for
this one. The latter is done through Fig. 2.18 (a), (b), (c) and (d), where v, does not vary,
hence being able to discern the behaviour of the function for the other two variables.

Fig. 2.18 (a) and (b) show the variation of the switching frequency with k, for two
different values of i,, while keeping v, to a constant adequate value. Please note that vg,
in a boost converter, which is the current scenario, cannot surpass the unity value as the
converter is intrinsically unable to reduce its output voltage. As can be seen, for the lowest
value analyzed of i, the variation of k, does not affect, as significantly as, in other
scenarios the variation of the switching frequency. This effect can be explained due to the
ripple increase of both output voltage and current caused by lowering k,, which also
means lowering Cn. The reason why it affects the higher values of i, can be explained
due to its definition, as i, has an impact on how the current through the LED load impacts
the output voltage, which as has been repeated several times depends on the LED
technology. This will be better understood, by observing Fig. 2.18 (c) and (d), where vg,
is left untouched at the same value and k, takes two different one with a minimum output
capacitance and another one equivalent to a scenario with a bulky capacitor. As can be
seen, the scenarios with low i, values present alike switching frequency variations,
whereas, those with high values of i, differ greatly toward the minimum value, which
implies that the minimum value of ks norm(®t) needs to be studied in detail. In fact, this
figure can also be used to compare the differences between ks norm(®t) with a high output
ripple in both voltage and current, see Fig. 2.18 (c), and kz norm(®t) with constant output
voltage and current, see Fig. 2.18 (d). As can be seen, the high ripple scenario has a higher
minimum, which will translate in ensuring DCM operation for the whole line phase with
a higher value of L. This can be explained considering that the minimum value coincides
with the maximum of the output voltage, demagnetizing Ly faster.
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Finally, Fig. 2.18 (e) and (f) show that, as expected in a boost converter operating in
BCM, the variation of v, changes both the minimum and maximum values, and is key in
order to select the minimum working operation frequency to be just above the 20 kHz,
that defines the maximum frequency of the human audible spectrum.
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Fig. 2.18. Normalized switching frequency versus line phase in terms of: (a) k, for v, and i, equal to 0.65

and 0.05, respectively, (b) k, for ve, and i, equal to 0.65 and 0.25, respectively, (c) iy for ve, and k, equal to 0.65
and 0.5, respectively, (d) i, for ve, and k, equal to 0.65 and 50, respectively, (e) Vg, for k, and i, equal to 0.5
and 0.05, respectively, and (f) ve, for k, and i, equal to 0.5 and 0.25, respectively.
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2.4.3  Control strategies

The design criteria of the cells have been discussed for different operating modes in
the previous section considering the selection of an adequate inductor and output
capacitor as the most relevant factors for the proposed operation of the cell. In that sense,
the selection of the components will be carried out conventionally taking into account
electrical stresses, cost, power losses, size, etc., as weighted by the designer. That being
said, there is one factor that has not been presented yet, which is the control of the cell in
order to sustain the LED load with an adequate current to ensure their driving and their
capability of achieving full dimming operation, thus providing at the output of the ac-dc
LED driver an acceptable light output.

2.4.3.1 Proposed schemes for closed loop operation

In this section, two ways are proposed for controlling the discussed ac-dc LED driver.
The first one, depicted in Fig. 2.19 (a), is based on a conventional approach for a PFC
converter in which the output current is controlled instead of the voltage, taking into
account that each cell will have its own output current control by means of an independent
CR. The CR is responsible for setting v, which directly impacts the Rir value of the
cell, thus demanding more or less power in accordance to a current reference set by the
central control. It should be noted that in each of the cells the LFR performance is ensured
by means of an Input Current Controller (ICC) responsible for controlling the switches of
the PFC converter to adequately shape the input current.

This proposal is simple, follows the conventional single-phase approach and ensures
that the LED load is driven with a determined average current level. Consequently, the
light output should be guaranteed to be constant in accordance to the previous
mathematical analysis. In contrast, it is necessary to filter the low frequency components
of the output current in order to control its average value, hindering in the process the
maximum achievable bandwidth of a three-phase converter, which could arguably reach
that of a dc-dc converter, and reducing it to the single-phase single-stage ac-dc LED driver
scenario. Furthermore, the current reference value needs to be carefully isolated to be able
to provide this information to each cell.

The other scheme, see Fig. 2.19 (b), controls 14(t) of the whole ac-dc LED driver. This
method proposes sensing the output luminance at a fixed distance by means of a light
sensor (e.g., transimpedance amplifier), which will translate the incident light to a certain
voltage level in accordance to its gain [2.37]. This voltage is, then, compared to a
reference in order to estimate the error which is the input of the Light Regulator (LR).
The LR, similarly to the CR presented in the previous scenario, is responsible for
controlling v¢, which will be sent via wireless communications to each of the modules. In
that sense, this method resembles the conventional control used for three-phase modular
ac-dc converters, in which the output voltage is controlled and the cells receive v, to set
the power they have to supply to the load [2.8]. Moreover, this scheme will potentially
have the same theoretic bandwidth as its dc-dc converter counterpart. However, taking
into account the tolerances of the components, it is normally limited to six times the mains
frequency to remove the ripple that can appear due to non-idealities at the output of a
multi-cell three-phase ac-dc LED driver. Even so, the bandwidth is improved in
comparison with the previous scheme. The main issue comes from requiring a light sensor
at a fixed distance with a wireless communication protocol to transmit information on the
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PFC
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Fig. 2.19. Closed loop operation of the multi-cell LED driver based on summing the light output of each
phase. (a) Current closed loop per cell. (b) Light output closed loop operation per LED driver.
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control variable, v, to the cells, fact that will increase both the cost and complexity of
this solution.

A combination of both schemas could also be evaluated for a better performance, in
order to remove the ripple at six times the mains frequency that may appear due to
tolerances and non-idealities. However, the increase of complexity does not justify the
aforementioned benefits taking into account that LEDs are a dynamically slow load.

2.4.3.2 Dynamic analysis

The two schemes previously introduced require active control loops in order to control
the light output of the ac-dc LED driver. Then, it is necessary to obtain a transfer function
of the ac-dc LED driver to obtain a useful tool in order to design the required feedback
loops.

The dynamic analysis for this ac-dc LED driver can be tackled similarly to the one
carried out in Subsection 2.2.2, but in this case considering the relationships between
input and output power in a single cell. For that matter, starting from (2.31) and averaging
its variables, it is possible to obtain:

2

v dvon
21%(131 V= CNVoN dt +V0N10N7 (279)

where, von and ion represent the average value of von(t) and ion(t), respectively, K, is a
constant that depends on the control method used in the ICC to attain the LFR resistor
and defines its gain, as explained by Table 1.1. Substituting (2.32) into (2.80), then,

_C . n n dign
2K1 e Ve N (nVy Lip TN arLED) 1 TLED g~ 250

n
+ (nVnyEDJF N — rLED) IoN-

Next, (2.80) is perturbed, considering ion=IonTon > V=V V. and v, =Ve,+9,,, and
after perturbing the second order and dc terms are removed, yielding,

Ve . Vg Ve digy

g 420G O 0V, oy ) Ty
2K, Vep K, e N(n Y 1gp LN — rLED) —ILED dt

(2.81)

+ (nVnyED—’_zIoN rLED) IoN-

Note that, again, the lower case characters are used for the static analysis, the
capitalized characters are used for constant values to particularize the equation in a
determined point of operation and those lower case characters with a circumflex represent
small ac variations. Now, applying the Laplace transforms gives,

Vép o Ve Ve n n R
K, Ve Tk Ve=Cy (HVLLED +lon m rLED) 1 LEDSIoN
1 1

(2.82)
n 2
+ (nVyiLED+2ION EI’LED) ION'

Solving for ion(s) in (2.82), yields,
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2V, V. V2
gp Ve a +_gp,\
K, '@ K, Ve (2.83)

ToN™ n n n :
Cn \0Vy oy Flon i Teep ) oy feepst (nVy | o +2Ton - Tep

Hence, from (2.83) the transfer function that relates 1,y with ©. can be obtained for
any of the cells that comprise the LED driver as,

IoN Ay
G (9= 3

:07A4s+1’ (2.84)

9

where Az and A4 can be defined as,

V2
Ay= " : (2.85)
2K1 (nVy—LED +210N E rLED)
n n
B Cn (nVnyED"‘IoN m rLED) m [LED (2.86)

4 n
(nVnyED 2Ny rLED)

Equation (2.84) defines the transfer function of each cell that comprises the LED
driver, which should be followed to design the CR of each cell under the first scenario
depicted in Fig. 2.19 (a). In order to obtain the transfer function that defines the second
scenario depicted in Fig. 2.19 (b), it is required to average and linearize (2.18). Then,
applying the Laplace transform, yields,

1,=3al,y. (2.87)
Combining (2.83) and (2.87) yields,

(2.88)

I,=

n n n :
Cy (nVnyED"‘IoN m rLED) m [LEDST (HVLLED 2Ny rLED)

Finally, relating 1, and v, gives the expression that defines the transfer function
required to design the LR taking into account the gain an dynamic of the light sensor, as,

_ 30A;
S Austl’ (2.89)

1
GlovC (S): {\1—0

C

Vgp=0

It should be noted that (2.84) and (2.89) can be particularized for any of the PFC
converters described in Table 2.2.
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2.5 Experimental results for the Delco ac-dc LED driver and the
multi-cell ac-dc LED driver based on the three-phase full-wave
rectifier

This section is dedicated to the experimental results of the Delco ac-dc LED driver
and the multi-cell ac-dc LED driver based on the three-phase full-wave rectifier. For that
matter, both topologies have been designed and prototyped for a maximum power of 90
W in order to validate the claims of sections 2.2 and 2.3. Taking into account the power
range, the flyback converter operating in DCM is the preferred solution for the cells
depicted in Fig. 1.1 and Fig. 2.5 working at 100 kHz as LFRs, see Fig. 2.20. The
components that are used to build each of the cells are summarized in Table 2.5, sharing
the same components to accurately compare both topologies. In addition, the use of the
same components is possible considering the cells are designed for the Delco ac-dc LED
driver, in which each cell handles twice the power compared to the multi-cell ac-dc LED
driver.

Table 2.5. Components of the experimental LFR cell built with a flyback operating in DCM.

Fig. 2.20 reference Value
Dc; STTH208U
Dc» FES8BT-E3/45
C 1 pF 800 V Ceramic Cap.
C, 100 nF 450 V Film Cap.
Cs 1 uF 50 V Film Cap.
Ry 10.5 kQ
Q IPP65R225C7
CI Coilcraft Z9007-BL
N Cl focam(t) |
VIN© —— Vo

AA

Cl== SR L, D¢, LG
3 D¢, T
°

1GC ¢ +
Q_,: Vpsceim(t)

=+ -
VCSCe_IIm(t)
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Fig. 2.20. Schematic of the LFR cell based on a dc-dc flyback converter.

Both ac-dc LED drivers receive a three-phase input voltage between 380 and 420
Vrms line-to-line, which corresponds with the European three-phase power grid. In
addition, they feed five strings of 12 LEDs (i.e., n=12 and m=5, of W42189T2-SW, whose
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max{pLep/Prase} is 0.2) with their respective equalizing resistor to ensure an adequate
current sharing between the strings, making this load equivalent to 1.8 A and 48 V at full
load. The rest of the components that comprise the ac-dc LED driver are summarized in
Table 2.6, not taking into account the circuitry used to isolate the driving signal that comes
from the FPGA, more information regarding the control of both the Delco ac-dc LED
driver and the multi-cell ac-dc LED driver based on the three-phase full-wave rectifier
can be found in Appendix A. The FPGA is used as the central control unit of the ac-dc
LED driver due to the versatility that it provides, simplifying the start-up of this specific
ac-dc LED driver as a matter of steadily increasing the duty cycle from zero to the
required duty set by the control feedback loop, which is also included.

Fig. 2.21 shows a picture of both prototypes with their respective size measured in
millimeters, showing their compactness. The green PCBs connected to the sides of the
main PCB are the driving isolators for each of the LFR cells. It should be noted that the
couple inductors are on the other side of the PCB in order to minimize its volume.

Table 2.6. Rest of components outside of the LFR cells, that comprise the ac-dc LED drivers.

Fig. 1.1 and Fig. 2.5 reference Value

LF diodes 1N4007

Co 10 pF 100 V Film Cap.
FPGA XC7A100T-1CSG324C

The main objective of this section is to demonstrate the operation of the multi-cell
ac-dc LED driver based on the three-phase full-wave rectifier, from an input perspective,
taking into account the operation of the cells, and from an output perspective, considering
the dimming of the LEDs, while observing the overall performance, compliance with the
regulation and comparing the operation of both ac-dc LED drivers to discern adequately
the recommended ranges of operation of both solutions. The input perspective is not
carried out for the Delco ac-dc LED driver taking into consideration this operation is well-
known for the flyback cells used in this analysis. However, the output perspective needs
to be looked at to validate its operation as an ac-dc LED driver.

All the measurements carried out throughout this section are done in close loop
operation. The details regarding control and design of the regulators are summarized in
Appendix B.

2.5.1 Basic operation of the proposed multi-cell ac-dc LED driver based on the
three-phase full-wave rectifier.

After having designed both prototypes, the next step was connecting them to the real
three-phase power grid using an auto-transformer as the interphase between the grid and
the LED drivers. In addition, the auto-transformer has granted the ability to test different
input voltages while using the real three-phase power grid input waveforms in order to
test the LED drivers in an environment as close as possible to reality with possibly
distorted waveform. It is this distortion which justifies the shape of vr(t) in Fig. 2.22,
flatting itself toward the edges of the sinusoid.
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Fig. 2.21. Prototypes of the ac-dc LED drivers with their measurements in milimeters. (a) Delco ac-dc LED
driver. (b) Multi-cell ac-dc LED driver based on the three-phase full-wave rectifier.
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e ——
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Fig. 2.22. Filtered input currents removing the high frequency component for all three phases and input
voltage of phase R of the multi-cell ac-dc LED driver based on the three-phase full-wave rectifier.
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Fig. 2.23. Performance of branch R of the multi-cell ac-dc LED driver based on the three-phase full-wave
rectifier capturing: input voltage, input current on cells 1 and 4 and drain-source voltage on the main switch
of cell 1.

Furthermore, Fig. 2.22 shows a snapshot of the oscilloscope for the multi-cell ac-dc
LED driver based on the three-phase full-wave rectifier, where the input currents of the
driver, as well as, the input voltage of phase R can be observed. As can be seen, ir(t)
follows the shape of vr(t) while being in phase with each other, validating the LFR
performance for this phase. Performance that can be assumed for the other two phases
(i.e., is(t) and ir(t)), taking into account that they are phase shifted accordingly to a
balanced three-phase power grid. It should be noted that, the presented waveforms do not
show the high frequency component of the current cause by the cell as it is filtered. Then,
to correctly exemplify the operation of the cells dedicated to a specific branch, Fig. 2.23
shows the most significant waveforms of phase R. As can be seen, still at line frequency,
the current demanded by phase R is shown by means of the currents demanded by cells 1
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and 4, correctly showing, taking vr as a reference, that cell 1 operates during the positive
half cycle and cell 4 during the negative half cycle of phase R. This performance which
can be extrapolated to the other phases of the converter. In addition vps for the main
switch of cell 1, vpsceln(t), is also shown to demonstrate that the voltage withstood by this
switch never surpasses its breakdown voltage. Therefore, assuring the correct operation
of both cells in the proposed multi-cell ac-dc LED driver based on the three-phase full-
wave rectifier.

Fig. 2.24 (a) and (b) show the high frequency currents measured before being filtered
at the input of the cells, with their respective phase voltages. For that matter, ir(t) is equal
to summing iceni(t) and icena(t), is(t) is equal to icemn(t) plus icena(t), and ir(t) is equal to
icei3 plus icels, see Fig. 2.5. These figures are used to validate the achievement of close to
unity PF on phases S and T.

20007 10040 3 10040 4 20087 2000ms/  9.980ms Stop
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-
=

VIR
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200 1004 3 10047 4 20047 2000ms/ 9.980ms Stop

ir(t)(500 mA/div)

. “ .-#:{JI
-%r_-_. L d '__p'.—"

vi(t)(200V/div)

ir(t)(500 mA/div)
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(b)
Fig. 2.24. Input voltage and input currents for (a) Phases R and S. (b) Phases R and T.
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The operation of one of the cells is studied in detail in Fig. 2.25 validating the
operation in DCM of the flyback converter as a cell; in this case particularized for cell 1
whose performance is equivalent to any of the cells included in the multi-cell ac-dc LED
driver based on the three-phase full-wave rectifier. As can be seen in Fig. 2.25 (a), the
cell only operates during half line cycle, as expected, only supplying energy to the load
during this period, see ioceii(t).

Ensuring the LFR performance of the cell is key for the implementation of the ac-dc
LED drivers discussed in the current chapter. As has been previously introduced, the
flyback converter is required to work in DCM for the whole line period to achieve this
performance. Hence, a zoom near the peak and at 200 V of the phase voltage is done to
Fig. 2.25 (a) in order to exemplify the aforementioned performance, obtaining Fig. 2.25
(b) and (c). These figures show that the cell operates at a constant frequency achieving
DCM operation, as required, which is demonstrated thanks to iceii(t) due to it reaching
the zero current value before the end of a switching period. Therefore, the current through
the couple inductor should follow the same behaviour. Another important result that can
be observed in these figures, is the clamping of vpsceni(t) to a maximum of 600 V thanks
to the passive snubber used in the cell, see Fig. 2.20 (i.e., Ci, R and D).

A method to clamp the drain-source voltage on the main switch of a flyback converter
is mandatory to avoid the destruction of the main switch, and consequently the LFR cell.
The reason can be understood with the operation of a flyback converter. Unlike, other
isolated topologies the flyback converter uses its coupled inductor to store energy during
the turn-on of the main switch and to attain galvanic isolating. Then, during the turn-off
part of the energy stored in the magnetizing inductance is provided to the load, however,
the energy stored in the leakage inductance does not have an actual path to discharge and
starts charging the parasitic capacitor (i.e., Coss) of the main switch, resonating with it and
causing its voltage to increase, which can be problematic if it surpasses its breakdown
voltage. The easiest way to patch this issue is by means of a passive circuit that is able to
clamp that voltage and dispose of the extra energy stored in the leakage inductance [2.38].
Although, using a passive snubber is simple it incurs in bigger losses, when compared to
active clamping methods that can recycle that energy to achieve higher efficiencies by
increasing the complexity of the flyback converter [2.39], [2.40]. Nonetheless, for the
scope of the tests performed in this subsection to validate and compare the ac-dc LED
drivers a passive snubber suffices taking into account that any uncertainty cause by the
extra switch and circuitry is eliminated.

At this point the performance of the multi-cell LED driver based on the three-phase
full-wave rectifier can be concluded from the point of view of its input. It is in order to
continue the tests by observing the feasibility of obtaining adequate output currents to
drive the LED load. For that matter, the high frequency output currents of the cells before
the capacitance Cs, are measured in Fig. 2.26 with the output voltage that the LED load
needs to withstand. The currents are measured by conjoining the high frequency output
currents of each the six cells in groups of two relating the currents corresponding to each
phase or branch. This last statement means that phase R would be the sum of ioceni(t) and
iocena(t), phase S would be the sum of iocen2(t) and iocens(t), and phase T would be the sum
of iocens(t) and iocens(t). As can be observed, all three current measurements are extremely
similar to each other, meaning that the output power provided by each cell is as well.
Then, the theoretical i, would be constant in accordance to the theoretical study
previously carried out.
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Fig. 2.25. Operation of cell 1 in the proposed converter. (a) Line frequency. (b) Zoom near the peak value
of the phase voltage (i.e., 310 V) (c) Zoom at 200 V of the phase voltage.
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Fig. 2.26. High frequency output currents for each phase and.output voltage for the multi-cell ac-dc LED
driver based on the three-phase full-wave rectifier.

The output currents of each phase are summed due to the output parallel connection
of the cells, achieving a constant i,, as can be seen in Fig. 2.27 (a), taking in account how
small sized the output capacitance is (i.e., 10 pF film capacitor). The Delco ac-dc LED
driver has not been analyzed in terms of its input performance due to its well-known
behaviour. However, considering its proposal as an ac-dc LED driver, the analysis of the
output current is extended to the Delco ac-dc LED driver in order to validate its operation
with an LED load, showing extremely similar results to the multi-cell ac-dc LED driver
based on the three-phase full-wave rectifier, as can be seen in Fig. 2.27 (b).

A six times the main frequency ripple (i.e., 300 Hz) can be seen on both v, and i, due
to the input voltage not being a pure sinusoidal waveform, as it is in fact cropped toward
the peak. Hence, the input power cannot be considered constant against what was derived
in (2.2), meaning that some degree of variation should occur at the load. Furthermore, the
tolerance of the components aggravates this issue. Nonetheless, the current ripple can be
reduced by further increasing the output capacitance without including an electrolytic
capacitor, but before rushing into conclusions the flicker regulation has to be carefully
studied. Please note that all the results have been obtained for both drivers while operating
in closed loop, which has been designed digitally on the FPGA avoiding limit cycling
following the conditions set in [2.41] for PFC, see Appendix A.

2.5.2  Compliance with the LED driver regulations

In the previous subsection, several sets of waveforms have been obtained validating
the performance of the two ac-dc LED drivers under study. These waveforms have been
extracted from the oscilloscope as data and processed with MATLAB in order to study
the different parameters that are required to validate the regulations that an ac-dc LED
driver needs to comply and that were discussed in detail in Chapter 1. For that matter, the
THD and PF have been summarized in Table 2.7 and Table 2.8 for both ac-dc LED
drivers, after having analyzed the input currents of each LED driver at three different

output current levels, showing an almost unity PF which ensures compliance with
ENERGY STAR® [2.42].
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Fig. 2.27. Output current and voltage for (a) the multi-cell ac-dc LED driver based on the three-phase full-
wave rectifier when fully loaded and (b) Delco ac-dc LED driver.

In terms of THD, the results are extremely similar having slightly better results for the
multi-cell ac-dc LED driver based on the three-phase full-wave rectifier, which can be
explained due to the tolerances of the components that comprise the LFR cells. This can
be understood, by taking a closer look at the difference between phases in the same ac-dc
LED driver in Table 2.7and Table 2.8. As can be seen, at the same output current on the
Delco ac-dec LED driver, there is a discrepancy of two points between the THD on phases
R and S. Then it is understandable for that same behaviour to happen between the two
LED drivers due to tolerances taking into consideration they use the same LFR cell.

The other limit introduced by ENERGY STAR®is in terms of the minimum lifetime
of the LED driver [2.42], which excludes several technologies from being used as the
components of the driver. The implication being that to obtain this seal of approval, the
solution needs to dispose of the electrolytic capacitor. In that sense, both LED drivers
analyzed in this subsection are able to achieve this requirement, as can be seen in Fig.
2.23, Table 2.5 and Table 2.6.
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Table 2.7. Summary of THD and PF for three different output current for the multi-cell ac-dc LED driver
based on the three-phase full-wave rectifier

Output current/Phase 1.8 A 09 A 045 A
R PF [%] 99.81 99.72 99.56
THD [%] 5.71 6.97 8.03
S PF [%] 99.87 99.75 99.59
THD [%] 4.62 6.96 7.71
T PF [%] 99.85 99.73 99.58
THD [%] 5.26 6.86 7.97

Table 2.8. Summary of THD and PF for three different output current for the Delco ac-dc LED driver.

Output current/Phase 1.8 A 09 A 045 A
R PF [%] 99.69 99.62 99.12
THD [%] 6.97 7.42 10.03
S PF [%)] 99.73 99.65 99.50
THD [%] 4.87 5.44 8.21
T PF [%)] 99.77 99.59 99.32
THD [%] 5.22 7.07 9.51

Continuing the analysis of the input currents of the ac-dec LED drivers under study,
the next step is validating whether the harmonic content of the input current of each phase
falls within the limits of Class C IEC 61000-3-2 [2.43]. As a reminder, the ac-dc LED
drivers analyzed in this section need to comply with the aforementioned regulation due
to their input power being higher than 25 W. Fig. 2.28 (a) and (b) show that the harmonic
content of the input currents at full load and nominal input voltage for both drivers fall
within the limits of the regulation assuring its compliance, as expected taking into account
how sinusoidal the input currents are.

Finally, the last regulation that needs to be dealt with is the Practice 1 of the flicker
regulation, IEEE Std. 1789-2015. Accordingly, the instantaneous output luminance of
each driver has been measured, and the harmonic content has been obtained considering
the line frequency as the fundamental frequency of the analysis. Then, the Mod. (%) of
each of the harmonics can be obtained and compared with the limits set by the regulation,
which gives Fig. 2.29. As can be seen, both ac-dc LED drivers are able to comply the
aforementioned regulation, obtaining similar results and ensuring good light quality at the
output of both LED drivers. Perhaps slightly better for the Delco ac-dc LED driver due
to the less amount of different cells used, however, the changes are not significant and
the most limiting harmonic would be for both the one at six times the mains frequency
(i.e., 300 Hz for the European three-phase ac power grid).
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Fig. 2.28. Harmonic content of each phase for (a) the multi-cell ac-dc LED driver based on the three-phase
full-wave rectifier and (b) the Delco ac-dc LED driver, compared with the harmonic limits set by Class C from
the IEC 61000-3-2 [2.43].
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Fig. 2.29. Harmonic content of the instanteneaous output luminances of (a) the multi-cell LED driver based
on the three-phase full-wave rectifier and (b) the Delco LED driver, compared with the harmonic limits set by
Practice 1 from the IEEE Std. 1789-2015 [2.45].

2.5.3 Dimming validation and comparison of the LED drivers

After having demonstrated the compliance with the required regulations, it is
necessary to test the performance of both ac-dc LED drivers under dimming conditions.
Table 2.7 and Table 2.8 have summarized some results under different output currents to
validate the performance of the LED drivers from the input current perspective, as has
been previously seen increasing the THD the lower the output current is.

Under these conditions, the efficiency of both ac-dc LED drivers have been measured
and compared without taking into account the driving losses, showing a slightly better
performance for the multi-cell ac-dc LED driver based on the three-phase full-wave
rectifier, as can be seen in Fig. 2.30. The differences in efficiency can be explained due
to the advantages that the multi-cell LED driver based on the three-phase full-wave
rectifier has over the Delco ac-dc LED driver and that. These facts are related, as a
reminder, to the amount of LF diodes conducting at a time and due to the cells working
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half of the time. The latter, leads to a significant difference in temperature as shown in
Fig. 2.31, where the maximum temperature achieved by the Delco ac-dc LED driver
almost doubles the maximum temperature attained by the multi-cell at full load. For that
matter, by increasing the power in both prototypes the difference in efficiency will
continue on increasing becoming clearer the advantage of the multi-cell ac-dc LED driver
based on the three-phase full-wave rectifier. Nonetheless, the proposed comparison
between the ac-dc LED drivers can be considered unfair taking into account that the LFR
cell used for the multi-cell ac-de LED driver based on the three-phase full-wave rectifier
is not optimized. The optimization of the flyback will impact both the size and selected
components of the cell, considering that each cell processes half the power in comparison
with the Delco ac-dc LED driver, arguably making the difference in efficiency more
significant. The reason for using the same LFR cells can be explained to demonstrate its
better performance under non-ideal conditions, as this analysis would lastly depend on
the application and technology of the components.
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Fig. 2.30. Efficiency versus output current for the multi-cell ac-dc LED driver based on the three-phase
full-wave rectifier and the Delco LED driver, not taking into account driving losses.
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Fig. 2.31. Thermal performance of (a) the multi-cell ac-dc LED driver based on the three-phase full-wave
rectifier and (b) the Delco ac-dc LED driver.
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Finally, it can be seen that the efficiency decreases with the output power, being
roughly 88% at the full dimming point. This efficiency can be considered low for an ac-
dc LED driver, as the optimization of the cell was not taken into account when designing
these ac-dc LED driver and the aim was validating the concept of feeding LEDs in
three-phase ac power grids in conjunction with validating the proposed topology. For that
matter, dc-dc flyback converters were used as the cells considering how easily it is to
achieve an LFR performance with them.

2.6 Experimental results for the two-stage Delco ac-dc LED driver

The previous section tested and compared the multi-cell ac-dc LED driver based on
the three-phase full-wave rectifier and the Delco ac-dc LED driver. However, the
efficiency achieved by a flyback based cell can be a limiting factor when designing an
ac-dc LED driver for a high power luminaire.

Consequently, the approach used in single-phase solutions seems to be the most
attractive for high power luminaires, basing the design of the cell on a two-stage power
converter, as the one depicted in Fig. 2.12. In addition, the ac-dc LED driver needs to
dispose of the electrolytic capacitor, guaranteeing a flicker free operation, included at the
intermediate bus (i.e., Cr, Cs or Ct). However, the traditional approach is based on using
the second stage to perform this feat by means of control allowing a certain ripple to
appear in the intermediate bus, which further complicates and increases the cost of the
solution, as has been introduced in Chapter 1.

Nonetheless, taking into account the intrinsic performance of a balanced three-phase
ac-dc LED driver, where the power is not going to pulsate at its output. Then, it should
be possible to remove the electrolytic capacitor without including extra components. The
conventional approach for this two-stage cell is based on having an output voltage loop
that controls the voltage at the intermediate bus of each cell, also requiring an output
current feedback loop for each of the dc-dc converter which controls the current fed to
the load [2.6], [2.7]. It should be noted that with these two feedback loops the electrolytic
capacitor is not removed, as every PFC converter works independently. This means each
PFC converter controls its output voltage, which is required to be constant, hence, using
an electrolytic capacitor. In addition, a third feedback loop responsible for the output
voltage of the power converter will also be required, which in the case of LEDs is not
necessary, as the preferred control is based on measuring the output current [2.46].

The proposal is depicted in Fig. 2.32, where there is only one feedback loop
responsible for the current fed to the LED load, and in fact is the only one required.
Reaching to this conclusion is rather simple by taking a look back at the analysis
performed in Section 2.2 based on the Delco topology. By replacing the PFC converters
with their equivalent LFR model, and considering that the dc-dc converter should behave
as an ideal transformer with a fixed gain. Then, the dc-dc converter can be considered as
a gain that will not have an impact on demanding more or less power from the grid.
Mainly, due to the fact that the power consumption relies entirely on the value taken by
ve. Hence, controlling v, will suffice to determine how much current is required to feed
the LED load with in accordance to the scheme proposed in Fig. 2.32.
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Then, the CR, shown in Fig. 2.32, can be obtained from a transfer function that is
obtained following the same analysis carried out in Subsection 2.2.2, taken into account
the characteristics of the PFC converter and a dc-dc isolated converter as an LFR.

ioR(t)
M
de-dc

converter

L Cp }||{*

PFC
converter;

nYyn

gl

Ve -
Gq-

Vr(t)_ 4+ ir(t) )
—_ de-de
converter

¥ | B
>+

lanan)

n
f RN

~—

vs(t) +i5_(9
V() + 1)

)
dc-dc
converter

3l

ioT (t)
—

Current
reference

The other issue with this approach, based on a two-stage cell, has been tackled in the
previous literature and affects the start-up of the Delco topology in a three-wire
connection to the three-phase power grid, when the LFR performance of the PFC
converter is obtained by an MBC [2.7], being specific and complex for this application.

Fig. 2.32. Proposed control for the Delco ac-dc LED driver based on a two-stage cell.

2.6.1  Start-up procedure of a two-stage Delco LED driver with MBC

It is a well-known fact that for a PFC converter to work as an LFR with a MBC, a
sinusoidal reference is necessary. This sinusoidal reference is conventionally based on
the input voltage of PFC converter [2.13], which in terms of practicality is convenient as
it is the reference that is required to be followed to achieve an LFR performance. Then, it
can be assumed that the start-up procedure would be similar to a single-phase one, in
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which the voltage is steadily increased on the intermediate bus and then followed by the
start-up of the de-dc converter.

However, the issue becomes more complex in a three-wire connection in a three-phase
ac power grid due to the lack of connection to the neutral, which will be able to take care
of any unbalance that could happen during the start-up of the ac-dc LED driver. In fact,
this unbalance comes in the form of couplings between the three cells, which can cause
the input voltage and currents of each cell to change abruptly. This is critical when an
MBC is used, as an abrupt change in its input voltage will cause the control to misbehave
aggravating the problem even further.

In order to overcome the presented issue, [2.7] details the required start-up control for
a three-wire Delco topology with a cell based on a PFC converter with MBC. The start-up
takes care of controlling the intermediate bus voltage in each cell in order to ensure that
all the cells demand the same amount of power guaranteeing the input voltage of each
cell to be sinusoidal.

The start-up procedure is based on carefully following four stages, which modify the
intermediate bus voltage of one the cells (i.c., voltage on Cx) in accordance to Fig. 2.33.
The first stage takes place from to to t;, during which time neither the PFC converters nor
the dc-dc converters are being controlled, and Cr, Cs and Cr are being charged to half the
peak value of the phase-to-phase voltage. Basically during this time the intermediate bus
capacitors are being charged by being directly connected to the three-phase power grid,
which can cause current spikes on the input. For that matter, a pre-charging diode will
suffice in most scenarios. However, in those that not, the current spikes are reduced
controlling the conduction angle of the phases by means of thyristors [2.7].

The first stage ends when all three capacitor reach their maximum attainable voltage
value. Point at which, the second stage from t; to t», starts by controlling the PFC
converters with no load. Hence, the intermediate bus capacitor is able to be charged to
higher values than the half peak value of the phase-to-phase voltage. This stage finishes
whenever the voltage of the intermediate bus capacitor in any of the cells reaches the
steady state voltage value set by the design, point at which the dc-dc converter of that cell
will start operating.

It should be noted that for the proposal of removing the electrolytic capacitor in a two-
stage cell, whenever the first dc-dc converter is started-up, the load is instantly connected
to that cell discharging the intermediate bus capacitor. Since the capacitance is lower than
for an electrolytic capacitor, the energy stored will also be low, causing with this
connection a diminishing of the intermediate bus voltage that can be counter-productive.
Therefore, a soft-start is absolutely required to guarantee a correct operation, which is the
only start-up specification that the dc-dc converter will require.

The next stage from t> to t3, represent the time it takes for all the cells to have their
dc-dc converter operating. Time after which the ac-dc LED driver will be correctly
operating in steady state after overcoming the transients that occur during the last stage
from t; to ts.



11 Chapter 2: Multi-cell three-phase ac-dc LED drivers

400

300

2001

100}

Intermediate bus voltage [V]

(=]

-
<

t; tyt3 ty

Fig. 2.33. Intermediate bus voltage during the start-up procedure of one of the two-stage cells of the Delco
ac-dc LED driver.

2.6.2  Basic operation of the two-stage Delco ac-dc LED driver

In order to test the previous affirmations, a prototype has been designed and built
based on three building blocks. The first block represents the PFC converter which is
designed by means of a boost converter achieving an LFR performance with a MBC
receiving an input voltage in the European three-phase voltage range. The second block
is based on a fixed ratio dc-dc converter from VICOR (i.e., BCM384F480T325A00)
[2.47]. The VICOR module is a ZVS/ZCS resonant sine amplitude converter that receives
a voltage of 384 V and outputs 48 V at maximum load with a fixed ratio of 1/8. The
maximum power that this module is able to process is 325 W, if its temperature is
correctly controlled. And the third block, is the central control unit that takes care of the
start-up of the converter, the auxiliary voltage supply of the control of each cell and the
central control that isolates and sets the v. value of each PFC converter.

It should be noted, that in this particular case, and unlike the previous scenario, all the
control has been carried out by means of analog circuitry. In addition, not all the control
is inside the central control unit in order to have independent building blocks, see
Appendix B for more information. For that matter, the first block, see Fig. 2.34 (a), also
includes all the circuitry related to achieving an LFR performance. This building block is
based on a commercial evaluation board, UCC3817EVM [2.48], which has been modified
to the needs of the design while keeping the same ICC based on the UCC3817 switching

Table 2.9. Components of the PFC boost converter.

Fig. 2.12 reference Value
Li, Ly and L3 1.7 mH — ETD39 — 3F3
Q1, Q2 and Qs IPW65R190C7
Dy, D; and D; IDH06SG60C

Cg, Cs and Cr 10 puF 100 V Film Cap.
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at 100 kHz. Consequently, changes have been made to the power stage in order to make
it more efficient, and whose components are summarized in in Table 2.9. The control
stage of the cell has also needed to undergone some changes to efficiently communicate
to the central control unit in order receive an auxiliary isolated voltage supply to feed the
control, a signal to start the control in accordance to the start-up procedure previously
detailed and v., while sending the intermediate bus voltage data.

Furthermore, the second building block depicted in Fig. 2.34 (b) is not only comprised
of the VICOR module, but it also includes some analog circuitry that decides when the
VICOR module should start-up conditioned to its input voltage. In that sense, a
comparator followed by an R-S latch is used, the comparator decides when the input
voltage is enough to start-up the module, whereas the R-S latch guarantees that the first
moment the comparator output its set to ‘1’ the module will be working indefinitely, in
order to avoid false activations and deactivations of the VICOR module. Unless, of

E &
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¥
Fig. 2.34. Designed two-stage cell for a Delco ac-dc LED driver. (a) PFC boost converter based on the
UCC3817EVM. (b) Isolated dc-dc converter based on the BCM384F480T325400.
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course, a malfunction is detected and the module is turned-off. More information
regarding the analog control and its operation can be found in Appendix B.

The whole Delco ac-dc LED driver based on a two-stage approach is depicted in Fig.
2.35, showing all three cells and the central control unit. The latter is comprised of the
isolated power supplies that feed the control of all three cells, a comparator per cell that
decides when to start-up the PFC converters based on their intermediate bus voltage and
the control loop responsible for setting v. for all of the cells. Please note that all the signal
that are send and received from the cells are carefully isolated for a correct operation of
the ac-dc LED driver, see Appendix B for more information.
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Fig. 2.35. Prototype of the Delco ac-dc LED driver based on two-stage approach per cell, with its central
control unit.

The ac-dc LED driver is designed for a total power of 1 kW, however, due to the
temperature limitations of the VICOR modules it has been tested up to 400 W, connected
to the real three-phase power grid, with an auto-transformer as the interface, feeding a
resistive load. The reason for using a resistive load to test the two-stage Delco ac-dc LED
driver was to avoid building a bulky LED load, as the flicker performance of the Delco
LED driver has already been validated in Subsection 2.5.3 and the aim of the current
subsection is detailing the operation of the two-stage that comprise each cell.
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The first test carried out has been at 400 W measuring the input currents of each phase
and the phase voltage of phase R, see Fig. 2.36. As can be seen, ir(t) follows adequately
the shape of vg(t) guaranteeing an almost unity PF. Accordingly, the almost unity PF can
be assumed for the other two phases considering they are adequately phase shifted at the
mains frequency. For the sake of completion, Fig. 2.37 (a) and (b) show the input currents
and phase voltage for all the phases of the ac-dc LED driver taking phase R as a reference
to correctly exemplify the achievement of an LFR performance of all the cells that
comprise the two-stage Delco ac-dc LED driver. As can be seen, all phases demand very
similar waveforms in phase with their voltages, which also ensures that the power
demanded by each phase is extremely similar.

1007 S00rnAf 3 S00mAY 4 S00mAY  10.00ms/ 0.0z Stop

10 ms/div

Fig. 2.36. Input currents for all three phases and input voltage of phase R of the two-stage Delco ac-dc
LED driver.

This last statement is of utter importance when considering the removal of the
electrolytic capacitor in a three-phase ac-dc LED drivers. In fact, in comparison with the
flyback cell discussed through Section 2.5, a PFC converter with an MBC suffers much
less from the tolerances of the components. The reason can be easily understood by
observing Table 1.1, as can be seen, most of the converters summarized have a
dependency of K; with their inductance or coupled inductance whereas the PFC boost
converter with MBC just depends on Gy, which is the gain of the current sensing method.
The tolerances of the magnetic components used in power electronics, whether they are
custom designed or bought commercially tend to have a 10-20% tolerance. In contrast,
cheap sensing methods with 1-5% tolerances can be found commercially, even those
based on resistive components. Hence, it is easier to design PFC boost converters based
on MBC with similar Rirr values than it is for flyback converter.

In fact, the similar Ry rr values between the three cells translate in an almost constant
output voltage as can be seen in Fig. 2.38. Taking into account that the power demanded
by each phase is pulsating at twice the mains frequencys, it is only reasonable for the output
current of each phase to pulsate at that same frequency. Hence, demonstrating the correct
operation of this Delco ac-dc LED driver without electrolytic capacitor.

Finally, Fig. 2.39 shows the implemented start-up of the driver following the method
introduced in the previous subsection to exemplify is correct operation. As can be seen,
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Fig. 2.37. Input currents and phase voltages for all three phases of the two-stage Delco ac-dc LED driver.
(a) Phases R and S. (b) Phases R and T.

the control of the PFC converters does not start-up until a certain voltage is reached on
the intermediate bus voltage, ven(t), of all the cells. Point from which the PFC converters
are soft-started accordingly. Then, when ven(t) reaches 380 V, the de-dc converter is
started as the dc-dc start-up signal is turned-on, which explains the voltage drop that
occurs on ven(t), see Fig. 2.39. After this time, the transient caused by the control occurs
and the ac-dc LED driver is properly operating.

2.6.3 Evaluation and compliance with regulations of the two-stage Delco ac-dc
LED driver

After having exemplified the correct electrical operation of the two-stage Delco ac-dc
LED driver, it is necessary to check different parameters of interest to further validate the
operation of this topology as an ac-dc LED driver. For that matter, the waveforms shown
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Fig. 2.38. Output voltage and currents of the two-stage Delco ac-dc LED driver.
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Fig. 2.39. Validation of the start-up procedure for the two-stage Delco ac-dc LED driver.

in the previous graphs will be extracted from the oscilloscope as data and will be carefully
analyzed.

The first analysis is carried out by extracting the input currents to establish whether
the Delco ac-de LED driver with a two-stage cell complies with the harmonic injection
regulation. For that matter, each of the harmonics have been extracted and compared to
the limits set by the regulation, see Fig. 2.40. As expected, the LED driver has no problem
complying with the IEC 61000-3-2 [2.43].

In addition, Table 2.10 summarizes THD, PF and efficiency when the input line
voltage is varied within the limits set by the European three-phase power grid for each of
the three-phases. As can be seen, the results obtained between the three-phases in terms
of THD and PF are alike, validating the idea of this kind of cell having much similar Rirr
values without including more complex control methods. It should also be noted that the
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Fig. 2.40. Harmonic content of each phase for the Delco ac-dc LED driver based on a two-stage cell,
compared with the harmonic limits set by Class C from the IEC 61000-3-2 [2.43].
efficiency, is higher than it was for the previous three-phase ac-dc LED drivers, at the
cost of including more components.

Nonetheless, the efficiency plummets much faster when reducing the output load than
in the previous scenario, particularly due to the lower efficiencies that the de-dc converter
of VICOR provides under low load scenarios, see Fig. 2.41. It should be noted that in
order to obtain Fig. 2.41 all the losses have been considered (i.e., auxiliary supplies,
driving, power stage, etc.)

In summary, the two-stage ac-dc LED driver, as it was the case for single-phase ac-
dc LED drivers, should be considered when a more efficient drivers is to be obtained
when the cost is not the most limiting factor.

2.7 Experimental results for the multi-cell ac-dc LED driver based on
summing the light output of each phase

After having tested the Delco ac-dc LED driver with a two-stage cell, this section
analyzes the ac-dc LED driver derived from removing the dc-dc converter of the cell.
Hence, the cell is comprised of a PFC converter and an LED string connected at its output.
Consequently, the experimental prototype of the PFC converter is the same one
introduced in the previous section, see Fig. 2.34 (a), taking into account the modifications
introduced for the power stage in Table 2.9.

The ac-dc LED driver is designed in such a way that each cell requires to drive an
LED load comprised of two strings in parallel that contain 20 LEDs (i.e., Luxeon 5050
L150-5770502400000 with max{prep/Ppasc}, see Table 2.3), which are equivalent to
490 V at 100 W (i.e., vgn = 0.65 and i, = 0.12). In fact, the number of LEDs connected in
series on a string is not done at random, and is picked ensuring that the sum of knee
voltages from the LEDs at the operating temperature is higher than the maximum input
voltage in the worst case scenario of the three-phase power grid, which is around 420 V
for the European three-phase power grid. This fact is of utter importance as inherently a
boost converter is only capable of increasing its output voltage. Otherwise, the ac-dc LED
driver under study would not be able to guarantee full dimming operation, as there would
exist a phase angle at which the LED load would be conducting all the time due to the
phase voltage being higher than the knee-voltage of the LED load.
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Table 2.10. Summary of THD, PF and efficiency for different input line voltages for the two-stage Delco
ac-dc LED driver.

Phase/ Max. input voltage R S T
THD [%] 6.5 6.63  6.77
380 Vrms PF 0.997 0.996 0.997
Efficiency [%] 92.3
THD [%] 6.8 6.85 7
400 Vrms PF 0.996 0.996 0.996
Efficiency [%] 92.9
THD [%] 7.1 7.2 7.32
420 Vrms PF 0.993 0.992 0.992
Efficiency [%] 934
95
90"
9
= 85
g
2 80¢
=
75f
70 : ‘ ‘ :
0 20 40 60 80 100

Normalized output power [%]

Fig. 2.41. Efficiency versus output power for the Delco ac-dc LED driver based on a two-stage cell.

Fig. 2.42, shows a photograph of the designed prototype to validate the idea of using
the light output of each cell to drive an LED load. In particular, in the photograph the
three cells can be observed, as well as, the central control unit and the designed LED load.
The latter has its strings distributed as shown in the figure to ensure a better blend of the
light coming from each the phases.

Similarly to the Delco ac-dc LED driver based on a two-stage cell, the central control
unit takes care of both the start-up of the LED driver, and giving the command to each
cell to feed the LED loads with the same amount of current. Particularly, the
implementation of the start-up is exactly the same, but taking into account that the de-dc
converter is non-existent in the cell. Then, that step is to be skipped (i.e., the interval
between t; and t4 in Fig. 2.33). In reality only an isolated signal is required to be given to
each of the cells to start-up the PFC converters. More information on this matter can be
found on Appendix B.
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Flg 2 42. Protype of the multi-cell ac-dc LED driver based on summing the light output ofeach phas‘e

Operation of the cell in terms of its output capacitance

The first experimental test carried out for this prototype was performed to validate the
operation of one of the cells by connecting it to a single-phase power grid at its input and
an LED string at its output allowing a high current and voltage ripple under low output
capacitance.

In that sense, Fig. 2.43 shows that the input current is adequately in phase with the
input voltage ensuring, as expected, an LFR performance at the maximum output power
of the cell while working in CCM. It should be noted that, Fig. 2.43 (a) depicts the high
output current ripple due to the use of a 10 pF capacitor and the light output measured
with a transimpedance amplifier (i.e., TSL-257), located at a fixed distance of 20 cm. The
transimpedance amplifier supplies at its output a certain voltage, vi(t), proportional the
light falling upon the photodiode. As can be seen, the output current and luminance
follows an almost linear relationship, validating the required condition supposed for the
sum of the lights of each phase.

In contrast, Fig. 2.43 (b) shows the voltage withstood by the LED load, in which the
lowest voltage never falls below the 400 V mark set before. However, this is the best-
case scenario, as the lowest current is far from being zero, to test whether the selection of
the LED load is acceptable. In order to validate an adequate performance in terms of its
output voltage, Fig. 2.44 shows a snapshot of the oscilloscope when dimming the driver
to an output power of 25 W, in which it can be seen that the output current reaches the
zero value. Point at which the minimum output voltage of the LED load is reached being
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Fig. 2.43. Standalone operation of one of the cells that comprise the multi-cell ac-dc LED driver based on
summing the light output of each phase at maximum power, depicting both input and output current, input
voltage and (a) measured luminance and (b) output voltage.

slightly higher than 400 V, guaranteeing that its value is always higher than the maximum
peak voltage of the grid.

Although the operation for the designed LED load has been validated, the analysis
carried out in terms of the output capacitor has not. For that matter, Fig. 2.45 summarizes
three different measurements of current across the LED load performed at maximum
output power considering that the output capacitor value is the only thing that varies
between the measurements. In order to be able to compare them in between and with the
theoretical model previously presented in Subsection 2.4.1.2, these measurements were
extracted from the oscilloscope as data. As can be seen, the higher the value of the output
capacitor, the lower the current ripple. Furthermore, the comparison with the theoretical
model show that it is extremely accurate.



121 Chapter 2: Multi-cell three-phase ac-dc LED drivers

2.7.1 Basic operation of the multi-cell ac-dc LED driver based on summing the
light output of each phase in a real three-phase power grid

After having validated the operation of the cells individually, the ac-dc LED driver
has been assembled and connected to the real three-phase power grid, again, by means of
an auto-transformer used as the interphase between the grid and the LED driver. Under
these conditions the waveforms presented in Fig. 2.46 have been obtained from the
oscilloscope at maximum load (i.e., 300 W). Fig. 2.46 (a) depicts the input waveforms of
the three-phase LED driver, to exemplify the LFR performance of each of the PFC
converters. Particularly, it can be seen that the input voltage of phase R is followed by the
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Fig. 2.44. Standalone operation of one of the cells that comprise the multi-cell ac-dc LED driver based on
summing the light output of each phase at a quarter of the maximum output power.
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Fig. 2.45. Output current across the LED load of a cell when varying the output capacitor of the cell.
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input current demanded by the same phase. In addition, taking into account that the ac-dc
LED driver input performance is exactly the same as the one shown in Section 2.6, it can
be concluded that unity PF is achieved.

From the point of view of the output, Fig. 2.46 (b) displays the current across the LED
load of each cell while processing the same amount of power, hence why the current
across them show extremely similar current levels. Its sum, measured again with a
transimpedance amplifier in this case at a fixed distance of 60 cm, is comprised of a dc
level with a low frequency ripple at 300 Hz. Considering the amplitude of this ripple the
light output of the driver can be considered to be constant. In fact, Fig. 2.47 displays a
snapshot showing the performance of this ac-dc LED driver at 25 W, where it can also be
seen the similarity between the output currents with the adequate phase-shift between the
phases and an almost constant output luminance.
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Fig. 2.46. Experimental waveforms of the multi-cell ac-dc LED driver based on summing the light output
of each phase at maximum load. (a) Input voltage and currents. (b) Output currents and measured luminance.




123 Chapter 2: Multi-cell three-phase ac-dc LED drivers

S00m"/ a0mAS 3 A0maAS 4 A0maS 2.000ms! 0.0s Stop

i,s(0(50 mA/div)  ier(t)(50 mA/div)  ior(t)(50 mA/div)

2 ms/div

Fig. 2.47. Experimental output waveforms of the multi-cell ac-dc LED driver based on summing the light
output of each phase at a quarter of the maximum load.

2.7.2  Evaluation and compliance with the LED regulation of the multi-cell ac-dc
LED driver based on summing the light output of each phase in a real three-
phase power grid

The almost constant measured luminance of the driver validates the mathematical
analysis carried out in Subsection 2.4.1. However, the low frequency ripple needs to be
evaluated in detail to ensure a flicker free performance. In that respect, compliance with
the IEEE standard 1789-2015 is used to determine whether this LED driver can output a
flicker free light output. Thus, vi. has been extracted from the oscilloscope and has been
carefully analyzed to determine its harmonics. As can be seen in Fig. 2.48, each Mod.[%]
harmonic falls within the shaded region defined in [2.45], ensuring a flicker free
performance.
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Fig. 2.48. Recommended flicker operation operatio for the multi-cell ac-dc LED driver based on summig
the light output of each phase [2.45].

After having validated the flicker free performance of this LED driver, there are two
characteristics that need to be evaluated in order to close the analysis. The first one is the
compliance with the harmonic injection regulation IEC 61000-3-2. Again, the harmonic
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Fig. 2.49. Harmonic content of each phase for the multi-cell ac-dc LED driver based on summing the light
output of each phase, assuring compliance with Class C IEC 61000-3-2 [2.43].

content of the input currents have been extracted from the waveforms and have been
compared to the limits, showing their compliance, as can be seen in Fig. 2.49.

The second characteristic is the efficiency of the driver, which has been measured
under different dimming conditions at 400 Vrms line to line. This measurement is not
trivial as there is a quite heavy ac component at the output of each cell. Thus, the input
power has been measured for each of the phase and the output power has been calculated
as the product of the voltage withstood by the LED load multiplied by the current across
it and averaged within a line period to attain the average power consumed by the LED
load. Then, summing the input power and output power and dividing them renders the
actual efficiency of the ac-dc LED driver considering all the actual losses of the prototype,
see Fig. 2.50. As can be seen the driver attains a maximum electrical efficiency of 97.5%
at full load, which is equivalent to 42.000 Im, outputting a luminous efficacy of 140 lm/W.
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Fig. 2.50. Electrical efficiency measured under different dimming condiations at 400 Vrms line to line for
the multi-cell ac-dc LED driver based on summing the light output of each phase.

Finally there is another set of parameters that are of interest and which are summarized
in Table 2.11 at full load for three different line to line voltages. These parameters are
THD, PF and electrical efficiency, and as can be seen the measured THD is about 7%, a
unity PF is attained and the minimum electrical efficiency achieved is 96.9% for the
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lowest line to line voltage, while the highest is achieved for the maximum input voltage
attaining a 98.2% electrical efficiency.

Table 2.11. Summary of THD, PF and efficiency for different input line voltages for the multi-cell ac-dc
LED driver based on summing the light output of each phase..

Phase/ Max. input voltage R S T
THD [%] 6.7 6.8 7
380 Vrms PF 0.997 0.997 0.997
Efficiency [%] 96.9
THD [%] 6.7 7.1 7.3
400 Vrms PF 0.995 0.995 0.995
Efficiency [%] 97.5
THD [%] 7.4 7.6 7.9
420 Vrms PF 0.992 0.992 0.997
Efficiency [%] 98.2

2.8 Conclusions

This chapter concludes the proposition of three different ac-dc LED drivers, which in
accordance to the classification made in Chapter 1 fall under the three-phase multi-cell
category. In addition, these drivers are able to remove the most limiting component in
terms of lifetime as is the electrolytic capacitor, and can be further divided in terms of
their achievement of galvanic isolation or not.

The ones that achieve galvanic isolation which are the Delco ac-dc LED driver and
the multi-cell ac-dc LED driver based on the three-phase full-wave rectifier have been
adequately analyzed and experimentally validated complying with the required
regulations. The Delco ac-dc LED driver is based on the Delco topology, which is
commonly used for ac-dc three-phase power converts, whereas the other is an original
topology. Because of their similarities regarding their modularity both topologies have
been compared using flyback converters as the LFR cells of either of the ac-dc LED
drivers as a first approach to validate their operation.

In terms of efficiency the study showed a slight improvement of performance for the
multi-cell ac-de LED driver based on the three-phase full-wave rectifier over the Delco
ac-dc LED driver, which is achieved due to two advantages:

e The lower number of low frequency diodes conducting at the same time.

e The operation of the cells during half-line cycle, which is able to achieve
lower operating temperatures on the cells. Thus, improving their overall
performance.
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However, these advantages do not come freely as there are another two disadvantages
to take into account:

e There is a necessary increase of components, in fact almost doubling the
amount of the Delco LED driver, taking into consideration that it uses a
double amount of LFR cells.

e The increased amount of LFR cells directly affects the reliability of the
systems as the mean time between failures is theoretically reduced.

Nonetheless, the disadvantages can be justified specially in terms of cost when
designing high-power spotlights up to 10 kW as the multi-cell ac-dc LED driver based on
the three-phase full-wave rectifier scales better than the Delco ac-dc LED driver. It should
be noted that for these higher spotlights, there are some changes that need to be made on
the ac-dc LED driver, as the LFR cell based on a flyback converter will not be suitable
due to the efficiency limitation, thus, limiting the maximum power.

In that sense, there are two strategies that can be used or even combined:
e The use of a more suitable LFR cell based on a two-stage approach.

e Theuse of several LFR cells by means of their serialization or parallelization.
This approach considers the LFR cells as building blocks, then, it is a matter
of designing a highly efficient cell and multiply it as required for the ac-dc
LED driver design.

However, the use of a two-stage approach complicates the start-up of the ac-dc LED
driver requiring more control for a three-wire connection to the three-phase power grid.
Then, the selection between the two methods or its combinations ends up being a trade-
off between number of components, efficiency, reliability and cost.

Taking into consideration the previous statements and under the assumption of an
optimized cell the recommendation is to use the Delco ac-dc LED driver for low power
luminaires, and the multi-cell ac-dc LED driver based on the three-phase full-wave
rectifier for high power and high performance luminaires. The limit between one solution
and the other needs to be further studied in terms of the required design.

The other proposed topology, in this case without galvanic isolation, is the multi-cell
ac-dc LED driver based on summing the light output of each phase. The approach taken
is quite similar to the two-stage Delco ac-dc LED driver, but in this case the second stage
is removed driving the LED loads with high voltage and current ripple. By leveraging the
properties of the light, the light output of each phase is blended together attaining an
almost constant light output without the use of an electrolytic capacitor. Even though, any
PFC converter can be used for this ac-dc LED driver, disregarding whether the PFC
converter achieves galvanic isolation, the proposed implementation is based on boost
converters with PFC. This implementation of the cell is only possible thanks to HV LED
loads, which are made simpler due to HV LEDs.

The multi-cell ac-dc LED driver based on summing the light output of each phase has
a handful of advantages over its galvanic isolated counterparts or the previous works
introduced in literature:
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e Itis able to achieve higher efficiencies.
e [t is able to drive high power luminaries with a lower component count.

e Any topology able to work as an LFR is prone to be used as the cell of the
ac-dc LED driver.

Furthermore, in comparison to the HV LED driving proposed on single-phase ac-dc
LED drivers [2.21], it does not require the use of more complex control methods, such as
the injection of the third harmonic, as long as an LFR performance of the cell is
guaranteed.

As any of the presented multi-cell ac-dc LED drivers, the main drawback comes in
terms of controlling the LFR cells to demand the same amount of power and its reliability,
however, with a MBC the tolerances almost have no impact on the light output of the ac-
dc LED driver, achieving a better performance in terms of flicker. In fact, as has been
studied, the use of an output capacitor on the cells is only a matter of reducing the current
ripple through the LED load. Otherwise, the amount of LEDs comprised in the LED load
might need to be increased to satisfy the operation at the peak current values, which could
be much higher than their maximum ratings. In addition, the low frequency current ripple
that does not pose a drawback in terms of luminous efficacy, needs to be further studied
to foresee how it affects the lifetime of the LEDs.

In conclusion, the ac-dc LED drivers introduced in this chapter, are proposed for
stadiums, industrial, or commercial environments, where high-power spotlights are
required and three-phase grids are available. The availability of the three-phase power
grid is in fact key, as the aim of proposing the use of three-phase ac-dc LED driver is not
to replace the current single-phase power grid massively used in household environments,
but use the readily available one for high power luminaires.
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Single-phase single-stage
current-fed ac-dc LED driver:
dual inductor current fed
push-pull

We tend to have the fond idea that
scholarship is always marching forward in
its  evolutionary  stride,  constantly
progressing. The reality is that it’s like a
tide — sweeping in and out with the waves
of fashion, throwing up beautiful shells on
the beach along with garbage and then
sucking them back into the ocean.

— Reality, Peter Kingsley.

The present chapter discusses the use of current-fed topologies to drive LEDs in
single-phase power grids. Current-fed topologies are isolated variants of the PFC boost
converters, and in contrast to the PFC boost converter they have rarely being used as
PFC converters due to their several limitations. Overcoming their limitations is the aim
of this chapter in order to attain topological solutions that improve the current single-
stage power converters found in literature. Thus, the dual inductor current-fed push-pull
has been retrieved and studied in detail. Unlike, its conventional operation as a high gain
step-up dc-dc converter, its feasibility as a PFC converter needs to be carefully analyzed
both statically and dynamically due to their promising features. This analysis proves to
be key in order to propose an adequate method for its control as a PFC converter while
only requiring a single sensing point in the circuit. Furthermore, the proposed operation
is based on operating both inductors in BCM, achieving a lower ripple input current
taking advantage the intrinsic interleaving of the topology . In fact, taking into account
all of the advantages and overall outstanding characteristics of this topology, the
proposal is using it as a single-phase single-stage ac-dc LED driver. This ac-dc LED
driver is constructed and experimentally validated at the end of the chapter feeding
several LED strings operating for the full input voltage range of the US ac power grid.
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3.1 Introduction

Chapter 1 introduced and detailed several single-stage ac-dc topologies used for the
task of driving LEDs from single-phase ac power grids. All of these different topologies,
methodologies and strategies reassure the importance of this research topic. Particularly,
for LED luminaires with primary access to single-phase ac power grids requires the use
of an ac-dc power converter with a high efficiency, a long lifespan, able to achieve PFC,
while also feeding the LED load with a constant current.

The requisite of achieving PFC, as a reminder, is key to comply with both, ENERGY
STAR® and IEC 61000-3-2, which stablish very strict harmonic content limitations of the
line current of an ac-dc LED driver used to drive LED luminaires [3.1], [3.2].
Traditionally, the approach to comply with the aforementioned regulations is based on
using a converter able to operate as an LFR, which normally includes galvanic isolation
for safety reasons. Taking into account that single-stages are used when the cost and
simplicity of the ac-dc LED driver are the main concern, isolated buck-boost topologies,
such as the flyback converter operating in DCM are massively used for this application
[3.3]-[3.7]. However, a traditional flyback converter suffers from low efficiencies and has
an inability of removing the electrolytic capacitor. The latter, of course, is an impossibility
on most single-stage ac-dc power converters, unless one of the methods introduced for
this particular task in Chapter 1 is used, turning that single-stage into a quasi-single-stage
[3.8]-[3.10].

The other massively used strategy to comply with the regulations, which has also been
discussed in Chapter 1, is the use of a two-stage ac-dc converter comprised of a PFC boost
converter followed by an isolated dc-dc converter. The PFC boost converter is able to
attain an LFR performance under different control methodologies, thus, its isolated
counterparts (i.e., current-fed isolated converters) should operate accordingly, being able
to achieve unity PF. However, current-fed isolated converters are rarely used in PFC due
to the several drawbacks they present: complex transformer design, low efficiencies, the
requirement of a demagnetizing path to protect the main switches in case of a control
failure and the lack of analog ICs capable of generating their control signals [3.11]. The
latter has been solved, nowadays, by means of digital control.

Nevertheless, previous literature does include some papers on single-phase single-
stage current-fed ac-dc converters, such as, the push-pull converter [3.12] or the full-
bridge converter [3.13] both operating in CCM with an MBC, which, as expected,
underperform in terms of efficiency in comparison to the current state-of-the-art single-
phase single-stage ac-dc LED drivers, while not addressing any of the issues of current-
fed topologies.

Among the current-fed push-pull topologies, the Dual Inductor Current-fed Push-Pull
(DICPP), see Fig. 3.1, proposed in [3.14] as a dc-dc converter. The DICPP shows
significant advantages in terms of efficiency, voltage stress or output capacitor size (i.e.,
at switching frequency and not at the mains frequency), in comparison to the traditional
current-fed push-pull (CPP). In accordance to [3.15], which compares these two
topologies, the advantages, in efficiency, come from the better utilization of magnetic
components due to:
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Fig. 3.1. Conventional DICPP topology working as a dc-dc converter with a resistive load.

e Each inductor having less current stress considering that the input current is
equally distributed between the two.

e  The transformer design being reduced in size according to the lower volt-ampere
rating, in comparison to the CPP. In addition, the simpler transformer of the
DICPP (i.e., two windings one for the primary and another for the secondary
side) allows a better optimization of its design, however, this is not the only
reason. The other reason comes from the main switches withstanding half the
voltage of the CPP, which translate in a transformer that requires by design less
isolation.

All the advantages that the DICPP presents come at the cost of only adding an extra
magnetic component, and they are of utter importance to reduce the parasitic components
of the transformer. These parasitic components are, in fact, the ones that hinder the
performance of single-phase single-stage current-fed ac-dc converters, thus, reducing
their values by improving the transformer design will also remove the main drawback of
this topologies for PFC.

The reason for the previous statement, can be understood taking into account that
conventionally current-fed topologies are used for high gain step-up applications, in
which, the transformer is but another tool to help increase the gain, such are fuel cells,
battery storage, photovoltaic or electric vehicle applications [3.16]-[3.19]. Particularly,
these applications operate with high currents on the primary side and low currents but
high voltages on the secondary side. In contrast, for low output voltage PFC applications,
such as ac-dc LED drivers, the requirement is just the complete opposite, and the power
converter needs to step-down the input voltage to the required by the load, which is
achieved using the transformer gain. This causes a low input current in the primary side
of the converter, which in conjunction with the leakage inductance and the primary
lumped parasitic capacitance causes a resonant output current to appear, as analyzed in
[3.20] for the CPP. It is, in fact, this resonance the one that causes no power transfer to
occur for the lower input voltages of the power grid, hindering the efficiency of the
solutions. Therefore, by lowering this two parasitic parameters this issue can be
completely avoided.

The aim of this chapter is to retrieve and revise the most promising of the current-fed
topologies (i.e., the DICPP) for operation as a single-phase single-stage ac-dc LED driver.
Therefore, it is necessary to carefully study its operation in order to achieve an efficient
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and simple solution that could operate as a single-stage for high output power in the ac-
dc LED driver field (i.e., > 50 W). It should be noted that being the aim the design of a
single-phase single-stage ac-dc LED driver, the removal of the electrolytic capacitor
would not be possible unless any of the methods discussed in Chapter 1 its applied.
Although, this fact has been the aim of this dissertation, for this particular ac-dc LED
driver it would not be tackled.

3.2 Dual inductor current-fed push-pull: working principle

The working principle that is going to be discussed throughout this section is based
on operating both input inductors with currents equivalent to the current across the
inductance in BCM (i.e., equivalent BCM), with the aim of powering LED loads in the
range of hundreds of watts, increasing the scope of the topology to operate as an ac-dc
converter. As has been explained, a PFC boost converter is able to perform as an LFR by
operating in BCM [3.21], thus, the DICPP should be able to achieve the same
performance, as it is a converter of the boost family. For that matter, the topology needs
to be analyzed in terms of both switching and line frequency.

3.2.1  Static analysis

The operation of the DICPP ac-dc LED driver with both inductors working in
equivalent BCM is summarized in Fig. 3.2 and Fig. 3.3. Fig. 3.2, shows the three different
equivalent circuits that the DICPP ac-dc LED driver undergoes during a switching period,
Ts, while Fig. 3.3 represents the most important waveforms to correctly understand its
operation, both at line and switching period. It should be noted that the equivalent circuits
depicted in Fig. 3.2 correspond with the waveforms and time intervals represented in Fig.
3.3 (b). In addition, the elements of the circuits that are not operating are shaded
accordingly in each of the equivalent circuits. It should also be noted that the driving
signals of the main switches (i.e., vgsi(t) and vgsa(t)) are equivalent to the ones in the
traditional CPP.

The first stage depicted in Fig. 3.2 (a) represents the equivalent circuit during the time
intervals from ty to t; and from t, to t3, when the two main switches (i.e., Q; and Q) are
turned-on and the primary side of the transformer is short-circuited. During these time
intervals, both inductors are being magnetized at vin(t) giving no power to the LED load,
thus the LED load is being fed from the energy stored in the bulk capacitor, as shown in
Fig. 3.3 (a).

The next time interval, from t; to to, see Fig. 3.2 (b), represents the operation when Q
is turned-on and Q> is turned-off. Therefore, Lini keeps being magnetized at vin(t), but as
Q2 is turned-off the transformer is no longer short-circuited and power flows to the LED
load, due to Lin being demagnetized through the transformer by the reflected output
voltage, Ds and D7, see Fig. 3.2 (b). Chronologically, the next stage would be the one
from t; to t3, however, this stage has already been discussed, as it is the one discussed first
when the conduction of Q; and Q: overlaps, see Fig. 3.2 (a). Thus, the last stage to be
considered in this analysis is the one from t3 to t4 shown in Fig. 3.2 (c). During this time
interval, Q; is turned-off and Q- is turned-on, thereby magnetizing Li,> and demagnetizing
Lini by giving power to the LED load, again, through the transformer, Ds and Dg, as shown
in Fig. 3.3 (b). Therefore, this stage is the same as the one depicted in Fig. 3.2 (b), but
with Q; and Q; swapping their roles.
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Fig. 3.2. Equivalent circuits of the DICPP for each time interval represented in Fig. 3.3 (b). (a) [ty, t;] and
[to, t5] time intervals: both Q; and Q> are turned-on. (b) [t,, t;] time interval: Q, is turned on and Q, is turned-
off- (c) [ts, t5] time interval: Q, is turned-off and Q- is turned-on.

Fig. 3.3 (a) shows in red the input and output currents averaged at switching frequency
during half line cycle, while Fig. 3.3 (b) shows a zoom of these waveforms to exemplify
the switching operation of the DICPP ac-dc LED driver. In fact, in Fig. 3.3 (b), it can be
seen at a glance that the time Liy; is being magnetized is exactly the same as the on-time
of Q: and that for the magnetization of Liy, this time is coincidental with the on-time of
Q.. In addition, it should be noted that Li,; magnetizes regardless of the on-time of Q.,
being the same true for Lin» and Q. Therefore, the topology can be easily modelled as
two independent boost converters interleaved with a 180° phase-shift at switching period
introducing galvanic isolation. Please note, this last statement does not imply that the
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Fig. 3.3. Most representative waveforms of the DICPP LED driver at (a) Line period and (b) switching
period.

DICPP ac-dc LED driver can work with one of its switches always turned-off, as both are
necessary for its correct operation.

The interleaving between the two inductor currents translates in a reduction of the
overall input current ripple of the DICPP ac-dc LED driver, improving the performance
considering the EMI filter is not as penalized in size as in other single-phase single-stage
ac-dc power converters operating in either DCM or BCM [3.22].

The control of the main switches (i.e., Qi and Q) requires either of the two to be
turned-on, considering that dead times must be avoided since there is no path to correctly
demagnetize Lini or Lino. Under this scenario, the voltages vpsi(t) and vpsa(t) will increase,
potentially leading to the destruction of Q; or Q.. Hence, the duty cycle, d(t), on each
switch should always be higher than 50%. This is an intrinsic characteristic in current-fed
converters, requiring a stage that overlaps both control signals, see Fig. 3.2 (a), in order
to be able to swap between turning-on Q; and Q.. As regards the aforementioned
equivalent circuits, the converter relationship between output and input voltage in
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equivalent BCM can be attained by studying the volt-second balance in either of the
inductors. The converter gain can thus be defined by,

Vo _ N2
Vin(@t) Nj(I-d(et))
where o is angular frequency of the mains, v, is the output voltage, vis(ot) is the input

voltage, and N> and N; are the number of turns of the secondary and primary windings,
respectively.

m(ot)= (3.1

The independent magnetization of each inductor with their respective switch marks
the operations of the DICPP ac-dc LED driver. Therefore, if Lin; and Lin; are considered
of equal value (i.e., Lini = Lino = L), by studying the voltage balance on each inductor
under equivalent BCM operation, the inductor peak currents (i.e., iLinipeak(t) and
iLin2,peak(t)) can be defined as,

. Vg .
1L, .peak (t)_ T Sln(mt)ton! (3 2)

and,

Ty
lez peak (t) T sin ( (t' 7)) tons (33)

where vg, is the peak value of the input voltage and to, is the on-time of each driving
signal, which coincides with the magnetizing time of each inductor. Then, averaging (3.2)
and (3.3) in a switching period, the average currents through the inductors, pulsating at
line frequency can be expressed as,

L, ave (t) - sm(wt)ton, (3.4)

and,

T
lez avg (t) i sin ( (t' 7)) ton - (35)

Therefore, the current through both branches will be sinusoidal following the input
voltage; in this case, phase shifted 180° from the point of view of the switching period.
Accordingly, the input current demanded by the DICPP ac-dc LED driver will be
sinusoidal because of being the sum of two sinusoidal waveforms, given that the phase-
shift that occurs between them can be considered negligible at line frequency, as shown
in Fig. 3.3 (a). Consequently, the average input current at switching frequency can be
expressed as,

iin,awg (t) :iLinl avg (t) +iLin2,an (t):

. T v . (3.6)
Etonsm(mt)-ir L tonSIn (co (t— f)) = %tonsm(mt).
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It is a well-known fact, for a correct operation in BCM, that t,, needs to be kept
constant at a certain value to guarantee that the converter will demand a certain amount
of power, while only varying the off-time of the driving signal, tofr. The variation of tof is
required to achieve BCM operation as the demagnetizing time of each of the inductors
will vary depending on the voltage at which they are being magnetized, taking into
account that the magnetizing time is constant. Thus, the control is conventionally based
on detecting the zero current value to determine the off-time, by means of a Zero Current
Detection (ZCD) circuit (i.e., constant on-time and variable switching frequency).

Given that the average input current will be sinusoidal, as stated in (3.6), by
multiplying it by vin(t), the instantaneous input power can thus be defined by,

2
_Vep, .2
p,, (D= Ttonsm (ot). 3.7
Then, by averaging (3.7) at line frequency, the average input power processed by the

DICPP ac-dc LED driver can be yielded,

2
Vg

p,= 2—L‘°t (3.8)
Solving for ton in (3.8), gives,
. 2p L
- ’ 3.9
Ve, (3.9)

which relates to, with several well-known design parameters. From (3.9), it is possible to
attain the LFR value of the DICPP ac-dc LED driver considering that,

p.
R,y —i0
LFR Vép ) (3.10)
thus,
L
Ripr= - (3.11)
on

Equation (3.11) shows that with an adequate control method to ensure equivalent
BCM operation on each inductor, the DICPP ac-dc LED driver is able to perform as a
resistor from an input perspective. Therefore, the input current will follow the input
voltage, which will result in achieving, as desired, almost unity PF.

The operation based on having a constant on-time and variable off-time, implies that
the switching period will vary. It is in order, to study the switching frequency variation
of the DICPP ac-dc LED driver. In that respect, the first step is applying voltage balance
to either of the inductors, obtaining,

N
Vgp N_; Vo-Vin (t)
L™ T
From (3.12), it is possible to solve to(t) as,

toff(t)- (3 12)
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Vop

to() = o————t,,..
(0) N on
N0 G.13)
Then, the variation of the switching period versus time can be obtained as,
N,
N, '°
T (O)=ton (D= N, tons 3.14)

N, Vo-Vgplsin(ot)|

Finally from (3.14) the switching frequency can be obtained as the inverse of the
switching period, yielding,

Ny v lsin(@d)] |

2

RO= = (3.15)
N, Yo

The switching frequency values are of utter importance for the correct design (i.e.,
selection of main switches, magnetics and ton). Particularly, the maximum and minimum
frequency values, which considering the dependency of (3.15) with a sine wave, can be
obtained for the maximum and minimum values of the sinusoidal as,

1
fs min= . (3.16)

and,

_ (1 szgp) 1
s,max -Nl Vo . (317)

t()l’l

3.2.2  Design criteria of the DICPP ac-dc LED driver

Focusing on the design of the DICPP ac-dc LED driver, some steps are required to be
followed for a correct design, and are summarized below:

1. The transformer turns ratio (i.e., N2/N;) needs to be obtained from (2.1),
considering vg, as the maximum value that the input voltage can take (i.e.,
Vgpmax), Vo as the output voltage at the full dimming point, which is equal to
nV, Lep, and d as the minimum duty cycle allowed, which should always be
higher than 0.5, thus for safety reasons it is recommended to be selected at
0.55.

2. Having obtained the transformer turns ratio, it is required to calculate d under
nominal conditions. The duty cycle and the desired switching frequency can
then be used to obtain the required inductance from (3.8), considering that
ton = dTs. If the calculated inductance has an acceptable value, (3.16) and
(3.17) are to be used in order to check whether the frequency range is
acceptable as well. If not, the inductance value needs to be adjusted to meet
the design requirements. Please note that a frequency higher than 20 kHz for
f; min constitutes a good practice to avoid any audible noise on the converter.
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3. The next step is the selection of the main switches (i.e., Q; and Q). In that
respect, the current and voltage values that they will have to withstand need
to be calculated. Considering that the voltage withstood is equal to the
voltage withstood by the primary side of the transformer then from (2.1) the
maximum voltage can be defined as,

v
V% _ _ gpmax )
Qmax l'dmin (3 1 8)

As regards the current it is equal to the maximum current through either of
the inductors because of it reaches the maximum value when the switch
referenced to that inductor reaches the end of the on-time. Then it can be
obtained from (3.2) at the peak value of the sinusoid for the minimum voltage
peak value of the power grid (i.€, Vgpmin),

pin

Vgpmin

IQmax: (3 . 19)
As can be seen in (3.18), the maximum voltage withstood by the Q; and Q>
entirely relies on the maximum input voltage and the minimum duty cycle
allowed. Considering that the minimum duty cycle is set as a constant at 0.55,
the maximum voltage withstood by the switches will increase linearly with
the input voltage. Therefore, for operation in the European power grid, the
switches will require high breakdown voltages (i.e., 900/1200 V), which
would mean the use of Silicon Carbide (SiC). In addition, the main switches
need a demagnetization circuit and a clamping snubber for overvoltage
protection. The demagnetization circuit is required during an unexpected
shut down of the ac-dc LED driver, requiring an extra winding as any other
current-fed topology.

4. The last step is the selection of the high frequency rectifier (i.e., Ds-Ds).
Similarly the maximum withstood values are to be calculated. The maximum
voltage depends on the maximum output voltage and the voltage withstood
on the secondary side of the transformer. Hence,

N,
VDmax: Vo' N_l Vgpmina (3 20)

In that sense, the maximum current is the maximum current through the
secondary side of the transformer, which is the same as the one withstood by
Q1 and Q> taking into account the turn ratio of the transformer. Hence,

o Nt P
Dmax Nz Vgpmin ’ (321)
The selection of the high frequency diode bridge ends the design of DICPP ac-dc LED
driver as the selection of the low frequency diode bridge can be performed similarly to
any other single-phase single-stage ac-dc power converter. In fact, this low frequency
diode bridge can be removed turning the DICPP LED driver into a bridgeless topology
with the right technology for Q; and Q.. This statements means using true bidirectional
switches that are able to block current in both directions, unlike MOSFETSs. And even if
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it is doable by means of MOSFETs it complicates the driving stage, requiring the
duplication of Q; and Q..

3.2.3 Transformer design

Briefly along the introduction, the importance of the transformer design for current-
fed topologies was mentioned. In fact, it is of such importance that it requires its own
section.

In current-fed converters, where the current through the primary transformer winding
is abruptly changed whenever a transistor switches, the leakage inductance needs to be
minimized. Otherwise, each switching instant will produce a significant voltage spike,
making the use of higher voltage rated transistor or protective clamps necessary,
hindering in the process the efficiency of the solution, particularly, if they are resistive
based.

Consequently, the minimization of the leakage inductance is an objective which can
be performed by the well-known procedure of winding interleaving between primary and
secondary windings. However, as a side effect of adding a high number thinner sub-
windings, a low leakage inductance can be obtained at the cost of higher parasitic
capacitances. This has proved to be troublesome when voltage spikes are negligible with
a good leakage inductance design, but the transformer resonates due to its lumped
capacitance. These recirculating currents not only hinder the efficiency of the converter,
but they also make it more difficult to detect events to properly operate each inductor in
equivalent BCM, requiring complex filters.

The transformer resonance in a CPP has been analyzed in [3.20], where it is studied
the impact of both leakage inductances and lumped capacitance in improving the
efficiency of the converter. In fact, for a DICPP the analysis is comparable taking into
account the similarity of the equivalent circuits. That being said, an empiric rule has been
developed for a well-designed transformer: the leakage needs to be at least a thousand
times lower than the transformer magnetizing inductance. The latter needs to be at least
five times higher than the inductances value for it not to impact on their magnetization.
Then, truthfully the relationship occurs between the input inductances and the leakage
inductance of the transformer. In addition the lumped capacitance of the primary side
needs to be limited in the design, however, this parameter is not as critical as ensuring a
low leakage inductance. The reason being that even if it can be considered negligible, the
impact of the Coss of Q; and Q, will need to be taken into account when analyzing the
resonance and recirculating currents.

In order to solve the aforementioned issues, the use of planar magnetic technologies
could be a feasible option, taking into account their implementation ease of interleaved
windings and their process predictability and repeatability [3.23], [3.24]. However,
attaining a low leakage inductance with this technologies requires a heavy amount of PCB
layers, which rapidly increase the cost, complexity and the lumped capacitance of the
transformer. The latter is of utter importance, and even though some techniques have been
implemented in planar transformers to reduce their parasitic capacitance, some traditional
transformer options will be studied to simplify the design of both the transformer and the
PCB in this dissertation.
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The design of the transformer is based on the previous design equations attaining an
11:1 turn ratio, for the US input voltage in a single-phase ac power grid, and aiming for
low losses in a relatively wide frequency range around 150 kHz. As has been previously
stated its magnetizing inductance is not critical as long as it is much higher than L;,; and
Lin2. After studying the size and losses of several cores and magnetic components from
different manufacturers with ANSYS® PExprt, the EPCOS RM12 was selected for
optimization with N49 as its magnetic material [3.25]. Several designs were simulated
using ANSYS® Maxwell, PExprt and PEmag to accurately and rapidly test the feasibility
of the design, whose maximum allowed parameters are stated in Table 1.1. In this table,
there are also shown the most noteworthy results of the simulations obtained for three
different implementation: no interleaving between primary and secondary with twisted
wire, interleaving between primary and secondary with twisted wire and interleaving with
a foil-based wire.

The simplest design which is the non-interleaved one, is not feasible due to its large
leakage inductance surpassing the maximum allowed values, see Table 1.1, whereas the
foil-based one achieves an extremely low leakage at the cost of a higher lumped
capacitance. Thus, the most promising solution is the interleaved one, which can be easily
manufactured in comparison to the foil-based and meets the desired specifications.

As can be seen in Fig. 3.4, the winding arrangement is kept rather simple in order to
be able to easily assemble and replicate the transformer with regular manufacturing
techniques and machinery. The primary windings consists of 8 different sub-windings,
each of 66 turns of AWG 35 copper wire, all of them connected in parallel and arranged
as shown in yellow in Fig. 3.4 (a).

The secondary winding, depicted in Fig. 3.4 (a) in red consists of 6 different sub-
windings each of 6 turns arranged in two layers, interleaved with the primary. In fact,
each layer contains three sub-windings distributed in accordance to Fig. 3.4 (b). Note that
unlike the primary, the current is significantly high, thus, the wire used is comprised of
10 AWG 35 wires combined into a twisted wire. Therefore, the total thickness is small
enough to distribute the sub-windings evenly along the window height, reducing the
leakage inductance even further.

Table 3.1. Transformer parasitic components for different implementations.

Lumped Leakage
capacitance inductance
Maximum 100 pF 21 pH
No interleaving 10.99 pF 47.589 uH
Interleaving 20.73 pF 5.498 uH
Foil-based 58.36 pF 0.606 uH

Interleaved prototype 45.80 pF 3.020 pH
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Fig. 3.4. Design of the implemented magnetic. (a) Transformer cross section. (b) Detail of the transformer
secondary sub-windings, where each color represents a different sub-winding in the same layer.

As can be seen in Table 1.1 different implementations, regarding the wire, were
considered for the secondary winding. The use of copper foil is an interesting alternative,
but its benefit does not justify the increase in manufacturing difficulty, requiring custom
foil thickness, or even laser cutting machinery for fitting the required turns in just one
layer.

Please note, the copper windings do not fill the winding area completely and polyester
film insulating tape layers are added between them [3.26]. These layers are depicted in
green in Fig. 3.4 (a) leaving the black parts of the figure as air. This serves a dual purpose:
fixing and insulating the primary and secondary layers, and creating wider spaces between
them, thus lowering the inter-winding capacitance.

3.3 Dual inductor current-fed push-pull ac-dc LED driver:
small-signal analysis and control strategies

As any of the ac-dc LED drivers discussed throughout this dissertation the DICPP
ac-dc LED driver needs to control the current through the LEDs to ensure an adequate
control of the light. In that respect, Fig. 3.5 shows a diagram of the proposed control with
its control feedback loop for the DICPP ac-dc LED driver in red, including in blue the
required circuitry for the demagnetization path. The proposed control is based on sensing
the current at the output of the high frequency diode bridge, ip(t), with the aid of a simple
current transformer. The reason for sensing only ip(t) is due to it containing all the
required information for the control, as it includes the information on when either of the
inductors reaches the zero current value, and the information on the current supplied to
the LED load, see Fig. 3.3 (b). Nonetheless, a low-pass filter is required to actually obtain
the current through the LED load, which is the average of ip(t). This sensing method
obtains all the required information from the same isolated measurement that can be
referred to the primary to further simplify the control of the ac-dc LED driver.
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Fig. 3.5. Diagram of the output current feedback loop for the DICPP ac-dc LED driver including the
demagnetization circuitry.

However, by measuring ip(t) instead of the current through each inductors, as many
interleaved PFC boost converters do, the control needs to be able to discern which switch
to trigger. For that matter, Fig. 3.6 summarizes the proposed methodology used to achieve
variable switching frequency control in open loop on the DICPP ac-dc LED driver. Please
note that the to, variation that would occur due to the output current feedback loop used
to control i, is not taken into account in this figure.

The proposed control is based on detecting the moment in(t) reaches zero (i.e., Zero
Current Level, ZCL), by means of an analog comparator and sending the signal to the
central control unit, see Fig. 3.6 (a), which will be responsible for discerning which
switch to turn-on. The discerning of the zeroes is performed taking into account that the
inductors reach the zero value sequentially, which means that after irin1(t) reaches zero it
should be iLin2(t) the one reaching the zero value. Hence, the control considers one zero
and discards the next one. That is, it generates the driving signal for Q; from the ZCD
circuit, and the driving signal of Q, by phase shifting 180° the driving signal of Q;.
However, this is not trivial as the switching period is constantly changing, thus a Phased
Lock Loop (PLL) needs to be used to adequately phase-shift the signal generated for Q;
to drive Q,, taking into account the previous switching period (i.e., the calculation of
Tdelay)- It should be noted that it is not a problem to consider the previous switching period
taking into account that the changes on the switching period happen slowly, as they
change along an LF input voltage waveform.

This methodology is regarded in literature as open-loop interleaving and is based on
setting one of the PFC boost converters as the master and the rest as slaves with their
adequate phase-shift [3.27], [3.28]. Particularly for the DICPP ac-dc LED driver it is a
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Fig. 3.6. Zero current detection methodology. (a) Basic control diagram. (b) Characteristic waveforms
used in zero current detection.

matter of setting one of the switches as the master and the other as the slave. The master
will be selected at the start-up of the DICPP ac-dc LED driver being either Q; or Q, and
it will not abandon its master status during the entire operation of the ac-dc LED driver.
It is important to note that once a master is selected, the next zero detection will be
discarded, in accordance to Fig. 3.6 (b), as it will be related to the slave.

The correct detection of the zeroes ensures an adequate operation of each inductor
under equivalent BCM, guaranteeing in the process an LFR performance of the DICPP
ac-dc LED driver. Nonetheless, as any LFR it needs to control how much power is fed to
the LED load. For that matter a low pass filter with a 10 Hz bandwidth is used to filter
ip(t) thus obtaining i, scaled by a constant, o, which will, then, be compared to a reference
within the digital control in order to regulate the output of the ac-dc LED driver. This
implies there needs to be a variable to regulate.
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As a reminder and similarly to the analysis carried out in Chapter 2, the selected
notation for the forthcoming mathematical analysis will represent constants and variables
particularized at a certain operating point in capital letters. In addition, variables
describing small ac variations in lowercase with a circumflex accent, taking into account
that lowercase variables without the circumflex accent have been used for the static
analysis.

Equation (3.8), shows the dependency of pi, on several parameters, being to, the only
controllable one as the rest are based on design conditions. Then, it is possible to apply a
small-signal analysis to the DICPP ac-dc LED driver to model its transfer function, which
can be carried out similarly to any interleaved PFC boost converter [3.29], considering
the equivalent circuit of the LED load. Then, relating (3.8) in terms of i,, gives,

2
Lo Ve

107?\/0 on - (322)

At this point, in accordance to [3.30] and considering (3.22) is already averaged, it is
required to linearize and particularize at a certain operating point in order to obtain the
small-signal model. Thus, obtaining:

3| Ve
Otonl, 20V, Sioom’ (3.23)
oi, Ve
avgp , - ZLVO Tonigiogp’ (324)
and,
oi, Vao I, 1
= T. =—=—
Nol, 2LVZ " Vo o1’ (3.25)

where Zioon, Ziogp and 1, represent the values depicted in Fig. 3.7.

+
A A
Zioonton gingVgp I, C, < %TLED /\\/0

Fig. 3.7. Equivalent small-signal circuit model of the DICPP ac-dc LED driver.

This, completes the analysis from the point of view of the output current. In order to
complete the small-signal analysis it is necessary to obtain the averaged input current
input current. Thus, from (3.6) and averaging at line frequency a rectified sinusoid,

(3.26)

As it was previously done for the input current, the next step is linearizing and
particularizing at a certain operating point, obtaining,
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di | 2Ty, 1

o T (3.27)
and,
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After obtaining (3.28) the circuit shown in Fig. 3.7 is complete, thus being able to
attain the required transfer function. For that matter, i, and to, can be related as,
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From (3.29) it is now possible to obtain a compensator that satisfies the design of the
DICPP ac-dc LED driver. Particularly, taking into account the line frequency component
on the output, the bandwidth of the compensator needs to be sufficiently low to filter this
component that appears due to the pulsating input power. The expression that relates
variations on the input voltage to the output current can also be attain from Fig. 3.7 as,
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3.4 Dual inductor current-fed push-pull: experimental results

The DICPP ac-dc LED driver has been theoretically analyzed throughout the previous
sections of this chapter. It is in order to validate its performance by means of an
experimental prototype. Therefore, a prototype has been designed following the design
criteria introduced in Subsection 3.2.2 for a maximum output power of 100 W, in the full
range of the US single-phase ac power grid line voltage (i.e., from 80 Vrms to 140 Vrms),
feeding an LED load comprised of five strings of 12 LEDs each (i.e., n=12and m =5
of W42180T2-SW) with their respective equalizing resistors, which are equivalent to
48 V and 1.8 A at full load. Accordingly, the switching frequency has been selected to
vary from 55 kHz at the lowest line voltage peak to 225 kHz at the zeroes of the maximum
line voltage, considering that the lowest frequency should be out of the human audible
band and that the highest frequency does not impact the efficiency, negatively, due to
switching losses on the main switches.

That being said, all the selected components used in the prototype of the DICPP ac-dc
LED driver have been summarized in Table 3.2. Note that the selected MOSFETs to test
the prototype are 600 V superjunction MOSFET, as it needs to withstand around 450 V
considering the input voltage values. As regards the high frequency diode bridge, it is
comprised of 60 V/10 A fast-recovery Schottky silicon diodes with ultra-low forward
voltage, which is enough considering that the HF diode bridge withstand the same voltage
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as the LED load. In addition, the digital control of the entire DICPP ac-dc LED driver has
been implemented in an FPGA due to the simplicity and versatility that this platform
offers, which is particularly important for the proposed master-slave technique. Fig. 3.8
shows a picture of the prototype that has been built to validate the analysis carried out
along the previous section. Please note that this prototype has the purpose of validating
the idea and even though the selection of components has been done carefully to obtain
the best possible performance, this prototype is not optimized in terms of size to be able
to perform changes as they were required.

Table 3.2. Components use in the DICPP LED driver.

Fig. 3.1 reference Value

Di-Ds 1N4007

Ds-Ds FSV1060V

Lin; and Lin 760 pH — RM8 — EPCOS N49
Si-S2 IPP65R225C7

FPGA XC7A100T-1CSG324C

Co 60V, 2.2mF Electrolytic Capacitor

R i L mrt

» IJinl 1 8

Fig. 3.8. Experimental prototype of the DICPP ac-dc LED driver.
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3.4.1 Basic operation

The first step to validate the theoretical analysis and thus the experimental prototype
of the DICPP ac-dc LED driver is checking if it can achieve an LFR performance. As
regards that, Fig. 3.9 (a) shows a snapshot of the oscilloscope for an input voltage of 110
Vrms at 60 Hz, measured before the EMI filter to exemplify the low high frequency ripple
of the input current. As can be seen, the current follows, adequately, the input voltage,
demonstrating the LFR performance, and validating the theoretical analysis by achieving
almost unity PF. Furthermore, the input current presents a low switching frequency ripple
in spite of having its two inductors operating in equivalent BCM, exemplifying the
interleaving that the DICPP ac-dc LED driver achieves intrinsically. It should be noted
that all the signals depicted along this section, correspond to the references introduced in
Fig. 3.2.

In order to show the operation of the prototype at switching frequency in detail, Fig.
3.9 (b), depicts a zoom of Fig. 3.9 (a) at the peak of the sine wave of the input voltage.
As can be seen, vgsi(t) triggers every two zero current values of ip(t), which are at the
same time coincidental with the zeroes of iLini(t). Therefore, validating the analog
circuitry to detect the zero value of the current and the driving of the master MOSFET
(i-e., Qi in this scenario). In fact, considering the waveform of ip(t) it can be supposed
that the central control is generating adequately the signal to drive Q. from the master
signal. The high frequency ripple that appears on ip(t) happens due to the transformer
resonances, which is required to be of a high frequency in order for the filter not to affect
the ZCD negatively in terms of delays.

In addition, the ac-dc DICPP LED driver needs to be able to vary its frequency. In
order to exemplify this operation, Fig. 3.9 (c) shows a lower input voltage operating point
at which the switching frequency of vgsi(t) increases, being the same true for vgsa(t),
validating in the process the correct operation of the proposed control. It should be noted
that iLini(t) is shown to exemplify the achievement of equivalent BCM on this inductor
under both scenarios (i.e., Fig. 3.9 (b) and Fig. 3.9 (¢)). The operation on equivalent BCM
of the other inductor can be deduced, again, by taking a look at the shape of the output
current. In fact, it is thanks to this output current with a frequency at twice the switching
frequency, that the capacitance can be lowered in comparison to the CPP, however, this
fact is irrelevant for an ac-dc power converter as the pulsating power at line frequency
needs to be filtered. In order to filter that low frequency component an electrolytic
capacitor of 2.2 mF is used to obtain the waveforms depicted in Fig. 3.10. The capacitor
selection is done in order to achieve a current whose ripple is low enough to guarantee a
flicker free operation. The removal of the electrolytic capacitor in the DICPP ac-dc LED
driver cannot be easily accomplished and one of the methods discussed in Chapter 1
should be applied for that matter, achieving a quasi-single-stage topology (i.e., using a
bidirectional dc-dc converter, a multi-output ripple cancellation or the integration of a
post-regulator into the single stage, sharing its active components).

This analysis concludes the validation of the operation of the DICPP ac-dc LED
driver. However, there are still several parameters that need to be studied with further
detail. In that respect, several waveforms have been extracted from the oscilloscope as
data and processed with MATLAB® to properly analyze them. Again the parameters that
need to be studied are efficiency, THD, PF, and compliance with Class C IEC 61000-3-2
[3.2].
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Fig. 3.9. Input waveforms of the DICPP ac-dc LED driver. (a) Input current and voltage, and ip(t) at 110
Vrms. (b) Zoom at the peak of vi,(t). (c) Zoom at a lower input voltage of viu(1).
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Fig. 3.10. Output voltage and current at full load in the DICPP ac-dc LED driver.

3.4.2  Electrical characteristics and compliance with the regulation

The efficiency, THD and PF of the DICPP ac-dc LED driver are summarized in Table
3.3 as a variation of the line voltage. For the nominal conditions presented in Fig. 3.9 (a),
the efficiency almost reaches 92% with a THD about 8% and a 0.99 PF, all of which
comply with the ENERGY STAR® regulation [3.1], of course in spite of removing the
electrolytic capacitor. Note that the efficiency at full load does not fall below the 90%
even for the worst case scenario.

The THD shown in Table 3.3 has been improved by three points by means of a
practical implementation. Considering that toward the zero crossing value of the input
voltage sinusoid the analog ZCD circuit tends to fail on the detection of the zeroes, then,
the proposal is setting the operation at a fixed frequency forcing each inductor to operate
with a current equivalent to DCM for a certain voltage range. This implementation stops
the current from having a reduced conduction angle, thus improving power transfer and
THD.

The efficiency of the DICPP ac-dc LED driver is summarized under nominal
conditions (i.e., 110 Vrms) in Fig. 3.11, taking into account all the power losses including
control and driving. As can be seen, the efficiency stays above 90% from full load to half
load. At lower loads, however, the DICPP ac-dc LED driver suffers a drop on its

Table 3.3. THD, PF and efficiency varying the input peak voltage for the DICPP ac-dc LED driver.

Vin [Vrus] THD [%] PF Efficiency [%]
80 8.5 0.99 90.6
110 8 0.99 91.9
140 7.5 0.99 93.4
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Fig. 3.11. Efficiency of the DICPP LED driver at 110 Vrms versus the output power consumption.

efficiency due to the lower currents circulating on the primary side, causing the detection
on the secondary side to fail more often. The latter greatly affects the performance of the
DICPP ac-dc LED driver, as seen on the efficiency graph.

In order to understand the most limiting elements on the DICPP ac-dc LED driver the
power losses have been carefully studied. In fact, the magnetic components present more
than 50% of the total losses of the converter, as shown in Fig. 3.12. Their losses have
been estimated using Finite Element Analysis (FEA) via ANSYS® Electromagnetics
Suite. As regards the input rectifier only the conduction losses are considered, whereas
for the output rectifier both conduction and switching losses are taken into account due
to the high frequency switching of this components.

Focusing on the most difficult elements to predict the losses, the control has been
measured on the experimental prototype to correctly estimate its consumption, otherwise
it becomes a matter of defining and estimating the losses for the elements, which is not
only inaccurate but extremely tedious. The other element that shows a certain degree of
difficulty and for which several technical papers have been dedicated in literature are the
main switches. For that matter, and considering that they are superjunction MOSFETSs an
analytical model particularized for this technology has been used [3.31]. This model is

I MOSFET conduction o
[ MOSFET switching 9% 4% 39,

[ inductances 7%
[ Transformer
[ Input rectifier
[ Output rectifier
[IcControl

0,
[_Jothers 13%

21%

36%

Fig. 3.12. Distribution of losses in the experimental prototype of the DICPP LED driver under nominal
conditions.
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specified for de-dc power converter, then, some adjustments had to be made to estimate
accurately estimate the losses. The losses have been estimated in nominal conditions at
the peak of the sinusoid and then they have been averaged over a line period.

From the distribution of losses depicted in Fig. 3.12 can be seen that by removing the
input rectifier, with the use of a bidirectional switch as has been previously explained, it
is possible to improve the efficiency of the DICPP ac-dc LED driver in more than 1%
efficiency.

At this point, the validation of the driver requires compliance with Class C IEC 61000-
3-2 harmonic limits. Thus, the harmonic content of the input current has been extracted
and compared to the one set by the regulation, as shown in Fig. 3.13. As has been
expected, the DICPP ac-dc LED driver complies with the aforementioned regulation.

173
>
]
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i

[
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[ Class C IEC 61000-3-2
| Input current harmonics

Harmonic Current Percentage [%)]
@

101
5,
0
0 10 20 30 40
Harmonic

Fig. 3.13. Harmonic content of the input current of the DICPP ac-dc LED driver compared with the
harmonic limits set by Class C from the IEC-61000-3-2 [3.2].

After having complied with IEC 61000-3-2, only the flicker regulation is left to test
its compliance. Similarly, to the input current, the harmonic content of the instantaneous
output luminance has been obtained, from which, each Mod. (%) has been calculated, in
accordance to the method introduced in Chapter 1. The Mod. (%) for each of the
harmonics has then been compared to the limits set by Practice 1 from the IEEE Std.
1789-2015, as shown in Fig. 3.14. As can be seen, compliance is ensured, being, as
expected, the most limiting harmonic the one at twice the line frequency. This implies
that for a flicker-free operation a correct selection of the output capacitance needs to be
made. For this particular LED driver it is a matter of using an electrolytic capacitor.

3.43 Comparison with state-of-the-art solutions

The previous subsections have validated the operation and compliance with the
required regulations, however, and taking into account the study carried out throughout
Chapter 1, it is a good practice to compare the DICPP ac-dc LED driver with the most
promising single-phase single-stage ac-dc LED drivers that can be found in literature
within a certain power range. In that respect, Table 3.4 shows a brief comparison of the
DICPP LED driver with state-of-the-art single-phase single-stage ac-dc LED drivers, in
which several important parameters are compared, such as, output power, efficiency,
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Fig. 3.14. Harmonic content of the instantaneous output luminance of the DICPP ac-dc LED driver,
compared with the harmonic limits set by Practice 1 from the IEEE Std. 1789-2015 [3.32].

Table 3.4. Comparison of the state-of-the-art single-stage ac-dc LED drivers with the DICPP ac-dc LED
driver.

References

DICPP [3.7] [3.10] [3.33] [3.34] [3.35]

Output Power [W] 100 35 35 81 100 12
Quasi-single-stage No Yes Yes Yes Yes Yes
Efficiency [%)] 91.5 87 90.5 90.69 91.7 86.1
THD [%] 8 - - 3.32 5.7 -
Class 5055123330_3_2 Yes Yes Yes Yes Yes No
Switching frequency [kHz]  55-225 - 140 67 90 100
Output capacitor [uF] 2200 470 4.7 - 220 2
Output current ripple [%] 10 10 20 20 10 17.85
Output capacitor reduction No Yes Yes No Yes Yes
Reduced input cur. ripple Yes No No Yes No No
Number of MOSFETs 2 3 3 2 2 1
Number of HF diodes 4 2 2 2 6 3
Number of transformers 1 1 1 2 1 1

Number of inductances 2 1 2 0 3 1
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THD, size of the output capacitance, etc. As can be seen, the DICPP LED driver shows
an outstanding performance with its biggest disadvantages being its variable frequency
operation and the need of an electrolytic capacitor. However, the other presented ac-dc
LED driver, remove the electrolytic capacitor at the cost of adding more components and
increasing the complexity of the solution by turning from a single-stage ac-dc LED driver
into a quasi-single-stage, performance that it is also possible for the DICPP ac-dc LED
driver by applying any of the methodologies discussed in Chapter 1 for this matter. It
should also be noted, that unlike some of the solutions the proposed in Table 3.4, the
DICPP ac-dc LED driver is able to drive high power luminaires, complying with Class C
IEC 61000-3-2 and achieving a high efficiency. This benefits are possible with an
increased amount of elements in comparison to a traditional flyback ac-dc LED driver,
however, this topology would not be able to achieve such performance at the power levels
aimed for the proposed DICPP ac-dc LED driver.

3.44 Dynamic validation

Please note that all the measurements shown in this section have been measured in
closed loop by controlling the output current of the DICPP ac-dc LED driver, thus
allowing ton to vary. In order to design the regulator, the open loop response of the DICPP
ac-dc LED driver relating ton to i, has been measured by means of a Venable® 6320
frequency response analyzer [3.36]. In that respect, the measuring setup, depicted in Fig.
3.15, disconnects the output current feedback loop and uses the signal generator of the
Venable to generate an external value for to, that is then transmitted to the digital control
after going through an Analog-Digital Converter (ADC), thus it needs to be scaled
accordingly (k). This external value has a dc component that sets the operating point of
the DICPP ac-dc LED driver which also varies accordingly with several tones to

N1:N2

Fig. 3.15. Measuring setup for the open loop response relating t,, and i, on the DICPP ac-dc LED driver,
based on a Venable® 6320 frequency analyzer.
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Fig. 3.16. Comparison of the theoretical and experimental measurements of the t,, to i, transfer function
(3.29).
adequately obtain the frequency response. The frequency response in this case is obtained
by measuring i, with a current probe in the second channel and the signal generated by
the Venable with the first channel.

It is important to note that in order to accurately compare the theoretical response with
the experimental data the gain from the ADC and the required scaling of to, need to be
taken into account in conjunction with the gain of the current probe. Thus, obtaining Fig.
3.16, where the obtained response is compared with (3.29). The values used to represent
(3.29) in Fig. 3.16 are summarized in Table 3.5 corresponding with the values assigned
to the components of the experimental prototype. As can be seen the theoretical model
matches the experimental result, showing a low bandwidth caused by the low dynamic of
the electrolytic capacitor. In fact, in this case the design of the regulator is straightforward
and is extremely similar to any ac-dc converter output loop, which can be accomplished
with a simple PI [3.37].

Table 3.5. Values used to obtain the theoretical waveform of (3.29).

Value
Vg 110 Vrms
L 860 uH
Ton 7.1 us
Co 2.2 mF
° 550
m I'LED .

Vo 48V
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3.5 Conclusions

The present chapter presents a simple, single-phase, single-stage, isolated, ac-dc, LED
driver with two switches referenced to the same ground based on a current-fed topology
retrieved from literature. In fact, the DICPP ac-dc LED driver is able to deal with most
of the issues that limited current-fed ac-dc converters when performing PFC: switches
withstanding extremely high voltages, complex transformer designs and low efficiency.

In addition, the DICPP ac-dc LED driver shows a handful of advantages when it is
compared against some of the conventional single-phase, single-stage, ac-dc, LED
drivers, from Table 3.4:

e Itis able to achieve high efficiencies for an isolated single-stage.

e [t is able to reduce the traditionally high input current ripple of a converter
operating in BCM with the use of a single transformer, by using the in-built
interleaving between the two branches that comprise the topology.

e The presented control of both inductors in equivalent BCM helps on obtaining
a simple LFR performance. In fact, with the proposed implementation it is
possible to accurately control the ac-dc LED driver from a single isolated
measurement.

These advantages come at the prize of including two more magnetic components,
another active switch reference to the primary ground and a high frequency diode bridge,
in comparison to a conventional flyback converter. As regards the reduction of the input
current ripple, the addition of more branches is not scalable for a single ac-dc LED driver.
In that sense, the solution is the interleaving of more DICPP ac-dc LED drivers with an
adequate phase-shift in between, again, keeping one switch as the master and the rest as
the slaves.

Nevertheless, the DICPP ac-dc LED driver has some drawbacks:

o Itstill requires a demagnetization circuit to prevent the switches from destruction
in case of a control failure. Fact that is intrinsic to current-fed based topologies.

e It is unable to remove the electrolytic capacitor present in single-phase, single-
stage, ac-dc LED drivers that require a high PF.

¢ Even though, it has a significant voltage stress reduction on its main switches in
comparison to the traditional CPP, being a converter from boost family, which
uses the transformer as a mean to reduce its output voltage, its switches still show
significant voltage stress that require the use of SiC for universal or European
input voltage solutions.

e The proposed control is based on equivalent BCM, which implies that the
frequency varies during its operation. Even though the high ripple is reduced,
and this fact affects positively the design of the EMI filter, the variable frequency
still impacts its size and complexity negatively in comparison to other solutions
that operate with fixed frequency. In that sense, and considering the impact of
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losses of both inductors and transformer, the operation of the DICPP ac-dc LED
driver can be benefitted from operating in CCM.

Not being able to dispose of the electrolytic capacitor is the most troublesome of the
drawbacks for an LED driver that require a long lifespan. However, this is the price to
pay for a simple, cost efficient, single-phase, single-stage, ac-dc LED driver at these
power levels, which can be easily fixated by turning it into a quasi-single-stage applying
any of the well-known methodologies discussed along Chapter 1.
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High-frequency AC-LED
drivers based on ZCS-QRCs

1 decided that the most terrible enigmas
are the ones that mask themselves as
madness. But now I have come to believe
that the whole world is an enigma, a
harmless enigma that is made terrible by
our own mad attempt to interpret it as
though it had an underlying truth.

— Foucault’s Pendulum, Umberto Eco.

The present chapter discusses the use of the LED load as the rectifier of the power
converter, replacing in the process the rectifier diode required in the conventional dc-dc
power converters. This proposal removes not only the conventional rectifier but the
required output capacitance, driving the LED load with a high frequency current
similarly to a PWM driving. However, to be able to introduce this change, the switching
performance of a lighting LED has to be carefully studied and validated, with special
focus on the reverse-recovery effect. In that respect, to remove the reverse-recovery effect
on the LED load, the main switch of the proposed topologies is replaced with a full-wave
resonant switch making possible to reduce the di/dt during the turn-off of the LED load,
therefore eliminating said effect. In addition, for the proposed quasi-resonant LED
drivers full dimming is achieved by means of changing the switching frequency, varying
the turn-off while keeping a constant turn-on time. This conclusion is reached after a
thorough analytical study of the quasi-resonant LED drivers, which is further validated
with the construction of two experimental prototypes. As a part of the experimental
validation, a reliability study comparing the conventional LED drivers with the two
proposed solutions for two different dimming points has been carried out over 700 h, with
the aim of studying the impact of the reverse-recovery effect on the lifetime of the LED:s.
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4.1 Introduction

Traditionally, ac-dc LED drivers, when cost is not the main concern and their
reliability and efficiency are of the utmost importance, use a two-stage [4.1] or a multi-
stage approach [4.2]. Particularly for multi-stage ac-dc LED drivers the last stage is
normally used for the sole purpose of controlling the current across the LED load, in such
a way that dimming can be achieved. This last stage is normally referred in literature as
post-regulators. A post-regulator is normally used to control the current across each LED
string that comprises the LED load, which requires the post-regulator stage to be cheap
and highly efficient, while achieving a high power density [4.3]-[4.6].
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Fig. 4.1. Basic topologies used as post-regulators and their proposed derivations. (a) Buck converter. (b)
DL//L AC-LED driver. (c) DL//L ZCS-QRC AC-LED driver. (d) Boost converter. (e) DL//S AC-LED driver. (f)
DL//S ZCS-QRC AC-LED driver. (g) Buck-boost converter. (h) DL//L AC-LED driver. (i) DL//L ZCS-QRC AC-
LED driver.

The idea presented in this chapter is based on using the basic dc-dc power converter
topologies (i.e., buck, boost and buck-boost), which are depicted in Fig. 2.2 (a), (d) and
(g), and replacing their rectifier diode, D1, with the LED load while short-circuiting their
output, thus removing the output capacitance from the circuit. As a result, two different
converters can be derived, considering that both the buck and the buck-boost render the
same topology. The derived topologies are: LED parallel with switch (i.e., DL//S
AC-LED driver, see Fig. 2.2 (e)) and LED paralleled with the converter inductor (i.e.,
DL//L AC-LED driver, see Fig. 2.2 (b) and (h)). It should be noted, that while in the
conventional buck, boost and buck-boost converters, the LED load is supplied with a
constant current, in the DL//S and DL//LL AC-LED drivers, however, the LED load is
supplied with a pulsed current, which is pulsing at the same frequency as the main switch
(i.e., Q1). This performance is to be expected taking into consideration that the LED load
is to be driven by the high frequency rectifier current, which should not be problematic
for the human eye as these high frequency modulations of the light will be filtered. In
fact, the operation of LEDs at high frequencies, higher than 100 kHz, acting as the
rectifier diode of power converters, and referred in literature as high-frequency AC-LED
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Fig. 4.2. Typical block diagram of a two-stage isolated AC-LED driver based on a high frequency inverter.

driving, has been studied by means of resonant isolated half bridges applying a sinusoidal
high frequency current waveform to the LED load [4.7]-[4.9], see Fig. 4.2 for a simplified
diagram of the aforementioned ac-dc LED driver. Other authors proposed the high
frequency driving with a flyback converter operating in DCM [4.10] or even by means of
self-oscillating topologies [4.11]. Nevertheless, none of this works provide factual
evidence on how will the LEDs perform under a high frequency sinusoid or triangular
current waveforms in terms of light quality, reliability or CCT.

For that matter, some studies have been dedicated to the driving of LEDs under
different current waveforms (i.e., sinusoidal, square and triangular) at 50 Hz [4.12] or up
to 1 MHz with square waveforms [4.13], [4.14]. Some important conclusions can be
extracted from these works. First, the increase of frequency in a square current waveform
from 100 Hz to 300 kHz does not have a negative impact on either junction temperature
or luminous efficacy. Second, pulsed current driving shows an improvement on the
lifetime of the LEDs in comparison with dc current driving. Third, dimming performance
achieved with pulse current driving, as long as the peak current level is maintained the
same, shows less chromaticity shifts in comparison with dc current driving [4.15]. And
fourth, switching an LED at frequencies higher than 3 kHz presents no visible flicker or
harmful effects to human viewers [4.16].

If the aforementioned facts on pulse current driving are taken into account, it can be
concluded that high frequency AC-LED driving seems promising, however, there is no
factual prove either, as how well an LED would operate as a rectifier. This happens
because of the lack of dynamic characterization provided by white LED manufacturers in
their datasheets. In previous literature, some studies have characterized the frequency
response of white LEDs for Visible Light Communications (VLC) [4.17], showing a
bandwidth of up to 3 MHz for regular white light. However, this study does not give any
insight on how fast can a white LED truly switch. Thus, a study to characterize the LED
load under high frequency switching operation is required to observe, whether the well-
known phenomenon of reverse recovery could occur in the proposed topologies when
using LEDs as the rectifier diode of the topology [4.18]. Considering that the latter can
occur and that its implications are not clear, it is necessary to search for ways to diminish
or even eliminate its effects. In that regard, the approach is decreasing the di/dt during the
turn-off of the LEDs, performed in literature by increasing the amount of switches [4.19],
which is not desired, or by means of Zero-Current-Switched Quasi-Resonant Converters
(ZCS-QRCs) [4.20]-[4.23]. The di/dt reduction during the turn-off of the rectifier diode
occurs in a ZCS-QRC, due to the inclusion of an inductor in the path of the main switch,
causing the current through the rectifier to diminish steadily to the zero value, in contrast
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to the traditional dc-dc topology where it is drained as rapidly as possible. Therefore,
taking into account this performance of ZCS-QRCs and replacing the main switch of the
DL//L AC-LED driver and DL//S converters with the full-wave resonant switch, renders
two AC-LED drivers: the DL//L ZCS-QRC AC-LED driver, see Fig. 2.2 (c) and (i) and
the DL//S ZCS-QRC AC-LED driver, see Fig. 2.2 (f).

The proposed AC-LED drivers are aimed to be used as the post-regulator stage of an
ac-dc LED driver, and as such, their operation needs to be carefully analyzed, in order to
understand the dependency of the output current on their different design parameters.

4.2 Operating principle

The presented AC-LED drivers are based on using the LEDs as the rectifier diode of
a dc-dc converter in conjunction with a full-wave resonant switch and no output capacitor,
thus generating an ac output voltage and current plus a dc component. The main reason
for using a full-wave resonant switch in spite of a half-wave resonant switch, comes from
the necessity of achieving full dimming capabilities. It is a well-known fact that the
dynamic response between the control variable and the output, greatly varies with the
load in half-wave ZCS-QRC [4.20]. Therefore, in an LED driver in which the output
current is to be not only controlled but able to vary from zero to maximum current, the
huge dynamic variation with the load will unnecessarily complicate its control.

In the forthcoming analysis, there are some previous considerations that need to be
made in order to understand the operation of the AC-LED drivers and to attain a useful
model to predict their performance. The LED load equivalent circuit with its dynamic
resistance and knee voltage source will be considered taking into account that only one
string will be fed in this scenario, considering the aim as post-regulators to ensure current
sharing. In addition, the main switch, Qi, will be considered as ideal and the main
inductor, L;, will be considered to be much larger than the resonant inductor, L, so L,
does not affect the resonance between L; and the resonant capacitor, C.. The latter is a
well-known fact in ZCS-QRCs and it is also considered as the starting point of the
analysis carried out in [4.20]. Particularly, for the proposed topology, Li needs to be large
enough to satisfy that the current ripple is also as small as possible, thus being able to
consider the output current as constant during the conduction of the LEDs (iin(t) = iin, se€
Fig. 4.3). This reason is what makes the increase of the switching frequency attractive to
diminish the size of L, which is the most limiting element in terms of volume. In that
respect, the increase of frequency makes also attractive the use of soft-switching
techniques to diminish the switching losses.

Then, taking into account the aforementioned considerations, the resonant tank
comprised by L; and C;, will have an angular frequency of,

1

m : 4.1)

In addition, the characteristic impedance can be defined as,

w,=

L,

Z= |=.
"~ |G, (4.2)
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It is possible, after taking into account all the previous considerations, to start the
analysis of the DL//S ZCS-QRC and the DL//L ZCS-QRC AC-LED drivers, which will
be carried out independently.

4.2.1  Static analysis of the DL//S ZCS-QRC AC-LED driver

The working principle will be studied by understanding the four equivalent circuits
that the DL//S ZCS-QRC AC-LED driver undergoes during its operation, which are
depicted in Fig. 4.3. Accordingly, Fig. 4.4 shows the most representative waveforms
depicting the same time intervals as the previous figure, in order to exemplify the
achievement of ZCS on the main switch under a correct operation of the DL//S ZCS-QRC
AC-LED driver. For that matter, each of the stages will be analyzed individually obtaining
the behaviour over time of the most representative variables by solving the state equations
defined by each of the equivalent circuits.
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Fig. 4.3. Equivalent circuits of the DL//S ZCS-OQRC AC-LED driver. (a) [ty t,] Linear stage. (b) [t,, t,]
Resonant stage. (c) [t,, t;] Delay stage. (d) [ts, t,] Lighting stage.

VGsi (t)

Fig. 4.4. Most representative waveforms to understand the operation of the DL//S ZCS-QRC AC-LED
drivers.
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Linear stage, from to to ti, see Fig. 4.3 (a): Coming from the stage where the LED
load is supplied with a constant current, this stage starts when Q; is turned-on by the
control signal. At the time Q; is turned-on, ir(t) will start increasing steadily in
accordance to the magnetization of L, causing i,(t) to decrease with the same slope, until
it reaches the zero current value. The latter marks the end of this stage.

The initial conditions for this stage are i,(0) = i, i(0) = 0 and vc(0) = vo, and the
state equations are defined by,

in 1Lr () o(t)
l ve, (D=1, (t)anED"‘nVLLED , (4.3)
L BRI
TTae o

where i;, represents the input current considered as a constant due to the larger value of
Li, iL(t) represents the current through L, io(t) represents the current through the LED
load and vc((t) represents the voltage withstood by the LED load and v, is the maximum
voltage withstood by the LED load during its operation, which is defined by,

Vozlo,maxanED—i_nVyiLED P (44)

and where i, max 1S the maximum output current.

By solving (4.3), the analytical waveforms for this stage can be obtained as,

Y/
- (i y LED bt),
VCr (t) T (11n+ b ) a(t)+v0 (t) (45)
. Vo . VyiED
i, (= a(+ <1i YLED )C(t) (4.6)

where a(t), b(t) and c(t) are defined as follows,
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and where § is defined by,
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1L
& 21 |Gy (4.10)

From (4.3) and (4.5), is(t) can be derived, which can then be used to determine the
duration of this stage taking into consideration it finishes when io(t) reaches the zero
value. However, it would be unpractical to use the aforementioned equations in this
calculation. Therefore, a practical approximation is required to increase the practicality
of the analysis. For that matter, vc(t) will be considered as a constant voltage, taking into
account that during this stage the voltage on the LED load diminishes until it reaches
nV, Lep, in accordance to (4.3), voltage at which i.(t) reaches zero. The approximation
can be applied considering that nV, rep is the most significant term of vc(t). Then, using
this approximation, (4.3) can be simplified to,

dig ()
Li—g— ~Vor (4.11)
io()=ii-ir, (D). (4.12)

Solving for i4(t) in the system comprised of (4.11) and (4.12), yields,
. . VO
o (0=t (4.13)
which, then, taking into consideration that is(t;) = 0, gives the approximated duration of
this stage as,
Lriin
tl -t(): . (4 14)

o

As can be seen the value of L, controls the duration of this stage, because of it being
the one that prevails over the other design parameters. Therefore, with an adequate
selection of the value of L, the di/dt of is(t) can be selected to reduce or even eliminate
the effect of the reverse recovery caused by the LEDs due to their operation as rectifiers.
This makes this stage key for the correct operation of the DL//S ZCS-QRC AC-LED
driver, marking (4.14) as the first design criteria, which will define the minimum value
of L.

Resonant stage, from t; to t;, see Fig. 4.3 (b): The second stage starts right after the
previous one, exactly at the time when the LED load is turned-off, and it ends in a resonant
period when Q; is turned-off. It should be noted that due to the main switch being a full-
wave resonant switch, the current ir«(t) is allowed to become negative. This fact implies
that the driving signal of Q) is no longer in control of the flow of the current, as the
parasitic diode will be the one conducting when the control signal is turned-off, causing
inaccuracies to occur in terms of the on time, ton. If the last scenario were the case, then
the stage will finish when the current through the main switch reaches the zero value
again. In this stage, the state equations are similar to those of the boost ZCS-QRC [4.20],
which are defined by,
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dig (t)
L—==ve,®) s
dve, () . . 7 :
Cr dt :1in'1Lr(t)

and whose initial conditions are: ve(t1) = nVy tep and ir(t;) defined by (4.6) at the end
of the linear stage.

From (4.15), the waveforms of the most representative variable can be derived as,

nV
it (=i — 2 sin(o,0) +(it, (t)-iin Jeos(on0), (4.16)
n
and,
ve, () :nVYLEDcos(mnt) -Za (iLr (t 1)—iin)sin (o,t), (4.17)

by solving the system.

The duration of this stage can be obtained considering that at the end of the stage ir(t2)
needs to be equal to zero, and that the term (iLr (tl)—iin) is negligible in comparison to the

other terms of (4.16), as by the end of the linear stage most of the input current goes across
L.. Thus,

-ty =
ERE (4.18)
where a, is defined by,
. _iinZn 3n
a,=arcsin | ———— |, 5 <a, <2m. (4.19)
Y_LED

It should be noted that the range of values defined for o, in (4.19), ensures that
ir(t2) equals zero at the second time ir.(t) crosses the zero value. The reason can be
explained with (4.16), because in order to make ir(t) equal to zero the sine must be
negative, thus mat needs to vary from z to 2x. For that matter, the first time i (t) crosses
the zero value would be between w and 37/2, making the range from 37/2 to 27 the one
during which the second zero crossing would happen.

Delay stage, from t, to t3, see Fig. 4.3 (c): This stage happens if by the end of the
resonant stage the voltage on C; is lower than nV, rgp, thus requiring C; to be charged to
the aforementioned voltage value in order to transit into the last stage. The initial
conditions set for this stage are only applicable to vc(t), taking the value provided by the
previous stage, ver(tz2). In comparison to the other stages the analysis of the current stage
is quite simple, as it is defined by,

dve, (t) .
a

Therefore, ve(t) follows the next expression,

G (4.20)
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1
ve, (0= F thve, (1), 4.21)
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which defines that C; is being charged linearly. From (4.21), the duration of the stage can
be obtained by considering vci(t3) = nVy Lep. Then,

Cr (nV -V, (tz))
tyty=—— . (4.22)
Eq. (4.22) states that the higher the value of C,, the longer it will take for this stage,
which also translates in a delay for the LED load to start illuminating, hence the name of
the stage. Therefore, (4.22) marks another key equation for the design of the DL//S ZCS-
QRC AC-LED driver.

Lighting stage, from t3 to ts, see Fig. 4.3 (d): The last stage is reached when
ver(t3) = nV, Lep, which as has been said, marks the end of the delay stage. This stage
represents the one, during which, the LED load is actually turned-on emitting light, and
whose state equations are defined by,

dVCr (t)

_ dt : (4.23)
ve,O=i,(Onr gV, 1gp

iin:io (t) +Cr

The initial conditions for this stage are defined by io(t3) = 0 and vc(t3) = nVy rep.

Solving the system defined in (4.23) with the aforementioned initial conditions,
renders,

1
ve, (D=ijpnrpep (1'3 “rLEDC‘t) +nV, 1gp, (4.24)

and

1
i, (D= (l-e' “fLEDCrt> ; (4.25)

where it can be seen that i,(t) increases exponentially until it reaches its steady state value,
defined by iin. The time it takes io(t) to reach ii, can be approximated by,

tq-t3=5nr pp C,, (4.26)

considering that it will take five times the time constant to reach said value, and where tq
defines the time i;, is reached by io(t). This time is completely dependent on C;, marking
a key equation for the selection of this component. In fact, the designer needs to choose
between the most restrictive of (4.22) and (4.26) as both determine the turn-on delay of
the LED load, depending mostly on the selected LEDs.

The end of this stage happens when Q; is turned-on again, thus, entering once more
in the linear stage. In that respect the time duration of this stage can be defined considering
the time of the rest of the stages. Then,
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t4 -t3 :TS -t3 +t0. (427)

where T is the switching period.

After the thorough analysis carried out for the four stages that comprise the full
operation of the DL//S ZCS-QRC AC-LED driver, which is further detailed in
Appendix C, a relationship needs to be established between the input and the output
current. This is to correctly understand, in this topology, how to control i.(t). For that
reason, the average value of i,(t) will be calculated by integrating it in a whole switching
period, taking into consideration that for practical reasons the linear and the delay stages
are negligible, in comparison to the duration of the resonant and lighting stages. For that
matter the duration of the lighting stage will be considered as T,-T,. Hence,

3 1 TS.T“_ . T.-T anEDC
L= f Iy (t)dt: Lin ( } - T—r> > (428)
s /0 S S

where i, is the average value of the output current and T, is the resonant period. In (4.28),
the term that depends on nrigpC;, which defines the time constant of the exponential that
describes i,(t) during the lighting stage, can be considered negligible, see Fig. 4.4.
Therefore,

1,=1in (1-p) (4.29)

where p is the variable capable of controlling the current given to the LED load, being
defined as,

T
n= T_s - f_n , (4.30)
where f; is the switching frequency and f,, is the resonant frequency.

This analysis concludes that the DL//S ZCS-QRC AC-LED driver can control its
average output current by varying the switching frequency while keeping a constant on-
time coincidental with the duration of the resonant stage, similarly to a de-dc full-wave
boost ZCS-QRC. In that respect, Fig. 4.5 shows a comparison between the dc-dc full-
wave boost ZCS-QRC and the DL//S ZCS-QRC AC-LED driver, in terms of the

1
dc-dc full-wave boost
0.8F ZCS-QRC
DL//S ZCS-QRC
AC-LED driver
= 0.67
=
-
041
0.2
0 . .
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n=1/f,

Fig. 4.5. Comparison of i/iy, versus p for the dc-dc full-wave boost ZCS-QRC and the DL//S ZCS-QRC
AC-LED driver.
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relationship between i, and i;, when varying p. As can be seen, the behaviour of the DL//S
ZCS-QRC AC-LED driver is extremely similar to the dc-dc full-wave boost ZCS-QRC,
except for low values of p. The reason can be explained due to the delay stage, as for the
lower values of p, ve(t) will never surpass nVy Lep and the DL//S ZCS-QRC AC-LED
driver will be unable to enter into the lighting stage. Therefore, no current will be flowing
across the LED load. It should be noted that the value at which the LED will stop lighting
will depend on the design, which happens to be around p equal to 0.5 for the scenario
depicted in Fig. 4.5.

The last part of the analysis carried out for the DL//S ZCS-QRC AC-LED driver is to
study the condition that ensures the achievement of ZCS on Q,. For that reason, (4.16)
and (4.19) need to be studied in order to attain the ZCS condition. In order to achieve
ZCS, the iL(t) during the resonant stage needs to reach the zero value, meaning that the
amplitude of the sinusoid needs to be, at least, equal to i;,. Therefore,

nV.

Y_LED

7z ES T (4.31)
4.2.2  Static analysis of the DL//L. ZCS-QRC AC-LED driver

The static analysis of the DL//L ZCS-QRC AC-LED driver can be carried out in a
similar fashion to the one that has been performed for the DL//S ZCS-QRC AC-LED
driver. In addition, the current through L; will also be considered as a constant to simplify
the analysis, considering L; will be selected to be much larger than L, and to have as little
ripple as possible at the output current during the conduction of the LED load.

It should be noted that the topology selected to carry out this subsection is not the one
depicted in Fig. 2.2 (c) and (i), but an equivalent with its main switch referred to the
ground of the input voltage, see Fig. 4.6 (a). This practical change simplifies the driving
of the main switch, not requiring an isolated driver and is made possible due to having an
LED based load.

In order to properly analyze the topology it will be divided into the four equivalent
circuits that the DL//L ZCS-QRC undergo during its operation, see Fig. 4.6. Furthermore,
the most representative waveforms to exemplify the operation are presented in Fig. 4.7,
sharing the same time basis as the equivalent circuits of Fig. 4.6. From these figures it
can be seen at a glance how similar the operation is to the DL//S ZCS-QRC AC-LED
driver.

Linear stage, from to to t;, see Fig. 4.6 (a): This stage starts when Q; is turned-on,
opening a path for the input current and draining steadily the current that is being fed to
the LED load. Therefore, ir(t), which happens to be the same as i;n(t), will start to increase
making i,(t) to decrease accordingly.

From Fig. 4.6 (a), the state equations can be defined by,

dve (t
i i
ve, (=i, (OnrgptnV, (gp . (4.32)

| di;, (t)
k Lr dt :Vin +VC, (t)
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Fig. 4.6. Equivalent circuits of the DL//L ZCS-QRC AC-LED driver. (a) [t), t,] Linear stage. (b) [t t;]
Resonant stage. (c) [t;, t;] Delay stage. (d) [t;, t,] Lighting stage.
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Fig. 4.7. Most representative waveforms to understand the operation of the DL//S ZCS-QRC AC-LED

driver.
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Solving the system in (4.32) for vei(t) and iis(t), considering the next initial conditions:
i6(0) = ir, 1in(0) = 0 and vc(0) = v,, yields,

OV e Vin
ve, O=vintL, 1L+m a()-(Vintv, )b(®), (4.33)
and,
. Vin—i_vo . nVY,LED ~Vin
n(O=——a(®)-( i.+——=—="— | c(¥).
iin () L a(t) (1L p— c(® (4.34)

Note that a(t), b(t) and c(t) correspond to (4.7), (4.8) and (4.9), respectively.

Both, (4.33) and (4.34), define an accurate model during this stage for both vc(t) and
iin(t), however, to estimate the practical duration of this stage, vc(t) will be, once again,
considered constant at v,. Redefining the system of (4.32) as,

iL :iin (t) +i0 (t)

diy, (t

r m():Vin v, (4.35)
dt

From (4.35), it becomes simple to attain the behaviour over time for io(t) during this
stage as,

Vin—i_vo

1, (=i, - t. (4.36)

T

The time duration of this stage can be obtained considering that i,(t;) needs to reach
the zero current value by the end of this stage. Thus,

4.37)

In this case, once again, it can be seen that this stage defines the di/dt of the LED load
turn-off, which is controlled with the value of L,. Thus, making it key for a correct design
of the DL//L ZCS-QRC AC-LED driver.

Resonant stage, from t; to t, see Fig. 4.6 (b): This stage defines the resonant
transition, which occurs between C; and L. The start of this stage is marked by the LED
load turn-off, finishing for the full-wave resonant switch in a resonant period whenever
iLi(t) crosses zero a second time. The state equations are defined by,

diiy (1)
Lr dt :Vin+VCr(t) (4 38)
d t ’ .
C Vg;():iL-im(o

with its initial conditions being: ve(t1) =nV, Lep and iin(t1), which are derived from (4.33)
and (4.34) at the end of the previous stage.

Therefore, solving (4.38) gives,
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. . Vin+nVy,LED . . .
i (O + 2 5in 0,) -+ (1 )-i)c03(,0), (439)
n
and,
ve, (t):vin-(VinJrnVMED)cos(cont)+Zn (iLr (t )-iL)sin(cont). (4.40)

In a similar fashion, the analysis carried out for the DL//S ZCS-QRC AC-LED driver
can be applied to estimate the duration of this stage. Hence, it can be approximated by,

_B
tz-tli()\)_n, (441)
taking into account that the term (ij,(t;)-ip) can be considered to be negligible in
comparison to the other terms defined in (4.39) and (4.40), as has been explained for the
DL//S ZCS-QRC AC-LED driver, and where B, can be defined by,

. -ip Z, 3n 5
= _ —<B <
B, =arcsin v, )3 B, <2m. (4.42)
within the range that guarantees the second zero crossing of iin(t) during this stage, in
order to achieve ZCS on Q;.

Delay stage, from t; to t3, see Fig. 4.6 (c): This stage defines the time required to
continuously charge C; until vc(t) reaches nV, 1ep. This event marks the end of this stage.
The only initial condition is set for vc(t), whose initial value is defined by (4.40) at time
instant t,. The state equation is defined by,

dvc () .
G TR (4.43)
Hence, C; gets charged following the next expression,
ve, (D= aHVC, (t). (4.44)

As can be seen vc(t) increases linearly, in accordance to (4.44). Considering the end
of this stage is marked by vc((t) reaching the knee voltage of the LED load (i.e., nVy LEp),
then, (4.44) can be used to attain the duration of this stage. Thus,

Cr (nV“CLED -Ve, (t2)>

1L

(4.45)

t3-t,=

Lighting stage, from ts to t4, see Fig. 4.6 (d): After having reached nV, rep on vei(t)
at the end of the delay stage, the LED load will start illuminating, and for that matter, it
will move into the lighting stage. The end of this stage, is marked again by the turn-on of
Q1, which brings the DL//L ZCS-QRC AC-LED driver back into the linear stage. The
state equations defined by this stage are summarized as,
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dvc, (1)

_ dt : (4.46)
ve, (O=i,(OnreptnV,y ep

iL :io (t) +Cr

The initial conditions for this stage are: vc(t3) =nVy rep and i(t) = 0.

In fact, taking into account the system defined in (4.46) and the aforementioned initial
conditions, the next expressions for vci(t) and i0(t) can be derived,

1
. -—Ft
ve, (D=ipnr g (1'e nrLEDCy ) nV, 1gp, (4.47)

and

1
i, (=i (1-e'mt> , (4.48)

where it can be seen the exponential increase of i,(t) until it reaches ir. In this case as
well, the time it takes to reach the steady state of (4.48) is defined by (4.26) following the
same reasoning, explained for the DL//S ZCS-QRC AC-LED driver. Hence, making
(4.26) and (4.45) key equations for the selection of C; in the DL//L. ZCS-QRC AC-LED
driver.

At this point of the analysis, it is necessary to study the relationship between the
average input current and the average output current. The followed process will be similar
to the DL//S ZCS-QRC AC-LED driver, thus, the first step is obtaining the average output
current, taking again into consideration that both the linear and the delay stages can be
considered negligible in comparison to the other two. For that matter, integrating (4.48)
with a switching period gives,

. 1 TS_Tn. . Ts'Tn anEDCr
=7 fo lo(t)dtZIL( T. T ) (4.49)

Unlike the DL//S ZCS-QRC AC-LED, i, depends on i, so a relationship between
input and output cannot be made at a glance. In addition, ii,(t) is no longer constant, and
as such, it needs to be integrated within a switching period following the same principle
and considerations given to (4.49). Thus, integrating (4.39) gives,

R T,
=7 fo ijn(Ddt= L (4.50)

Then, a relationship between ii, and i, can be made, by substituting (4.50) into (4.49).
In fact, if again, the term nriepC; is neglected, then,

0w
L=y — - (45 1)
From this analysis, it can be seen that the control of the DL//LL. ZCS-QRC AC-LED
driver can be performed by varying the switching frequency while keeping a constant ton,
similarly to the traditional ZCS-QRCs and in particular to the previously introduced
DL//S ZCS-QRC AC-LED driver. In this particular case, the DL//L ZCS-QRC AC-LED
driver resembles a convention dc-dc full-wave buck-boost ZCS-QRC. For this reason,
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=== dc-dc full-wave buck-boost ZCS-QRC
== DL//L ZCS-QRC AC-LED driver

0 0.2 0.4 0.6 0.8 1
n =1,

Fig. 4.8. Comparison of i/iy versus u for the dc-dc full-wave buck-boost ZCS-QRC and the DL//L
ZCS-QRC AC-LED driver.

these two topologies are compared in Fig. 4.8 showing the similarities between the two,
while taking into consideration that no output current can be given to the LED load, if the
LED driver is unable to reach the lighting stage.

The last part of the analysis is to study the conditions that guarantee the achievement
of ZCS on Q. Then, following the same principle as for the DL//S ZCS-QRC AC-LED
driver, the condition needs to guarantee that (4.39) reaches the zero current value a second
time. As has been previously explained, it would be necessary for ir to be at least the
same value as the variables multiplying the sinusoidal wave in the aforementioned
equation. Hence, yielding,

ViptnV, _
— i, (4.52)

n

which combined with (4.51) gives a much more practical equation:

Vin+nVY—LED - Lin

Z—H_F' (4.53)

4.2.3  Design criteria of the ZCS-QRC AC-LED drivers

A correct design of the aforementioned ZCS-QRC AC-LED drivers requires the
following of several steps that are detailed below:

1. The value of L, needs to be selected adequately to guarantee that the time the
linear stage lasts is long enough to remove the reverse recovery effect on the
LED load (i.e., decreasing the turn-off di/dt of the LED load), in accordance
to (4.14) and (4.37) for the DL//S and the DL//L ZCS-QRC AC-LED drivers,
respectively. This effect is completely reliant on the selected LEDs, and
aiming for a turn-off di/dt of 500 A/ns or lower can be considered a good
design practice for the newer LEDs on the market, as long as the time
duration of this stage can be considered negligible at the switching period. It
should be noted that the aforementioned turn-off di/dt value has been
selected empirically, and would need to be revised by the designer
considering it would entirely depend on the selected LED load.
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Once L, has been selected, the next step is selecting C.. This case, however,
depends on more than one equation and a trade-off between the duration of
the delay stage, the start of the lighting stage and the compliance with the
ZCS condition. In most scenarios, the most restrictive equation would be
(4.31) and (4.53) for the DL//S and the DL//LL ZCS-QRC AC-LED drivers,
respectively. The issue of having long durations on the delay stage or at the
start of the lighting stage, cause the lighting stage duration to be reduced.
The reduction of the lighting stage causes the driving of the LED load to be
performed with higher peak currents to achieve the same average output
current in comparison to a scenario with higher effective times of the lighting
stage. One of the solutions to avoid this performance is decreasing the
switching frequency, however, it might not always be possible due to design
restrictions. In those cases the best option is to avoid the compliance with the
ZCS condition, aiming to reduce the duration of the problematic stages.

The selection of L; and C; determines the value of f,, which at the same time
will set the required switching frequency in accordance to p. At this point, it
is important to understand the variation of the switching frequency in
ZCS-QRC AC-LED drivers with both power and the LED parameters.
However, there are some previous steps to take into consideration before, as
it is necessary to elucidate the dependencies of the switching frequency in
the AC-LED drivers under study.

For this reason, the average input power of the AC-LED driver can be
defined by,

Py =linVin- (4.54)

In addition, the maximum output power can be defined by,

2 .
po,max Lo, maxMTLED +10,max nVnyED . (4 5 5)

Solving for iomax in (4.55), gives,

2
-nV + \/ n2V, +4p
Y_LED Y_LED o,max  LED
_ ’ 4.56
lo,maxf 2 . ( )
NIy gp

Now, 1,,max can be replaced with its average value and then with either (4.29)
or (4.51), depending on the ZCS-QRC AC-LED driver under study. As an
example, (4.29) will be substituted in (4.56), yielding,

2
(1 -H) . _nVV—LED+\/ nzvV—LED+4p0,maxanED
1;,= .

n
U 2nrigp

Next, considering an ideal power transfer between input and output, that is,
100 % efficiency, and solving for p, gives,

(4.57)

- 2y/2
£ Vin nVV—LED—i_\/ n VMED+4p o,max1[LED

2 nrygp

(4.58)

>
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which is an expression that directly relates the frequency of the DL//S
ZCS-QRC AC-LED driver with the power consumed and the LED
characteristics. Then, normalizing f; gives,

Vin Ibase po,max
fs,normzl'_T -1+ 1+ —— ], (459)

n
0,max base

where, as a reminder,

Pbase:VyiLED Ibases (460)
and,
L = Vy LEp
base ILED . (46 1)
Following the same process for the DL//L ZCS-QRC AC-LED driver, yields,
1

fS 1’101'1’1’1: .
1 —Yin Toase (14 [114 Po.max (4.62)
po max 2 nPbase

It is now possible to understand with which parameters f; depends on, as are
the maximum output power, the input voltage, and the LED characteristics.
Therefore, in order to understand the implications of each one, the variation
of f; versus p, will be plotted when varying at the same time the LED
characteristics or the input voltage. For that matter, three different LEDs,
forming with each an LED load comprised of 8 LEDs (i.e., n = 8), are
compared in Fig. 4.9 (a) and Fig. 4.10 (a), whose characteristic values are
summarized in Table 1.1. In addition, the analysis is extended to three
different input voltages compared in Fig. 4.9 (b) and Fig. 4.10 (b).

As can be seen, in both Fig. 4.9 (a) and Fig. 4.10 (a), riep determines the
wideness of the frequency range, whereas V, Lep determines the starting
frequency. In what respects to Fig. 4.9 (b) and Fig. 4.10 (b), it can be seen
that for the same LED load, lower input voltages imply the use of higher
switching frequencies, whereas higher input voltages imply the use of lower
switching frequencies.

The previous step showed a glimpse of the importance of selecting the
correct LED load in order to attain an adequate operating range for fi.
Nonetheless, there are some cases in which the designer would not be able
to have this degree of freedom, and would need to consider the implication
of using higher or lower switching frequencies. In that sense, the maximum
ratings are of utter importance, Table 4.2 summarizes the maximum ratings
for all semiconductor devices (i.e., LED load and Q:), which were obtained
by carefully analyzing the previous equations. As can be seen, the LED load
in the ZCS-QRC AC-LED drivers needs to withstand reverse voltages, which
is an undesired performance. Nonetheless, and according to LED
manufacturers, an LED is able to withstand a reverse voltage equal to its
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Table 4.1. Characteristic of the LEDs under study.

VyﬁLED[V] I'LED[Q] Tbase Prase
LEDI 2.9 0.44 6.59 19.11
LED2 2.6 1 2.6 6.76
LED3 2.6 0.44 5.90 15.36
0.52 0.8
Vin = 12 V|
vin =5V
Vin = 19V
: 4 6 s 10
p, (W] p, [W]
(a) (b)

Fig. 4.9. Comparison of f; versus p, for the DL//S ZCS-ORC AC-LED driver. (a) Different LED loads for
an input voltage of 12 V. (b) Different input voltages for the same LED load.

0.8
0.7
v, =12V
m
0.6/ Vw3V
g v =19V
= n
)
«" 0.5t
0.4f
: : : : 0.3 : : : :
0 2 4 6 8 10 0 2 4 6 8 10
p, W] p, W]
(@) ®)

Fig. 4.10. Comparison of f; versus p, for the DL//L ZCS-QRC AC-LED driver. (a) Different LED loads for
an input voltage of 24 V. (b) Different input voltages for the same LED load.

maximum forward voltage [4.24], which complies with the DL//S ZCS-QRC
AC-LED driver, but unfortunately not for the DL//L ZCS-QRC AC-LED
driver. In addition, the current stress on Q; becomes much higher than in the
conventional topologies.
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Table 4.2. Maximum semiconductor ratings for both DL//S and DL//L ZCS-QRC AC-LED drivers.

Maximum ratines DL//S ZCS-QRC DL//L ZCS-QRC
& AC-LED driver AC-LED driver
LED load reverse voltage -nV, rep -2vip-nVy gp
i i
LED load current — —
1-p I-p
Q1 breakdown voltage Vo Vo
i, nV i, VitV
Qi current _© _rLED yoin v LED
1-p Z, 1-p Z,

5. At this point of the design, there is only one more element that needs to be
selected, which is the main inductance, L;. The determination of its value
can be done considering that its magnetization happens during ton, being this
fact the same for both ZCS-QRC AC-LED drivers. Thus, the current ripple
across the main inductance can be defined by,

. Vin
A= o (4.63)

Then, considering ton equal to Ty, as the linear stage can be neglected due to
its low duration, yields the expression to determine L; in a DL//S ZCS-QRC
AC-LED driver as,

2
Vin

L —
1 2pinAi%fn ’ (464)
and L; in a DL//L ZCS-QRC AC-LED driver as,
__ Vafs

o A E (4.65)

where Aiy, is the percentage ripple peak-to-peak of the input current.

4.3 Experimental results

The first analysis carried out, before validating the mathematical analysis of both
ZCS-QRC AC-LED, drivers has been dedicated to the observation of the reverse recovery
effect on the LED load on a DL//S AC-LED driver. For that reason, a DL//S AC-LED
driver has been designed and built for a maximum power of 7.5 W driving a load
comprised of 8 LEDs (i.e., Lumiled LXML-PWC2) in series. The most important
waveform of the DL//S AC-LED driver are summarized in Fig. 4.11 switching at 500
kHz. As can be seen in Fig. 4.11 (a), io(t) presents an undesirable ringing toward the
turn-off of the LED load, while the rest of the waveforms are shown to be ideal. In fact,
if this area is zoomed, see Fig. 4.11 (b), it can be seen that the ringing is caused by the
huge reverse recovery effect of the LED load. In order to evaluate its impact on the light
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Fig. 4.11. Most representative waveforms of the DL//S AC-LED driver. (a) Steady state operation during
three switching periods. (b) Zoom toward the turn-off of the LED load to study the reverse recovery effect.

output, the luminance over time has been measured with a high bandwidth photodiode
(i.e., S5972) used in conjunction with a transimpedance amplifier [4.17]. In that respect,
the green waveform, represents the voltage measured by the transimpedance amplifier,
vi(t), which coincides with the current supplied to the LED load. However, in terms of
the light, the behaviour seen is not ideal and there is a longer fade out period than
expected, which happens due to the several activations caused by the ringing. The effect
cannot be correctly measured by the photodiode due to the high frequency of the ringing
(i.e. 24 MHz) that exceeds the bandwidth of the photodiode. Nonetheless, this effect is
not significant in terms of light, but it is in terms of losses, as the LED load undergoes an
increase of more than 15°C when compared with a conventional dc-dc boost converter
feeding the same LED load. The temperature increase is the main reason why the
ZCS-QRC AC-LED drivers have been proposed to diminish the undesirable effect of the
reverse recovery.
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The objective of this section is to summarize the most important experimental results
for both QRC-ZCS AC-LED drivers under study, which have been designed and
experimentally tested for a maximum power of 7.5 W, feeding the aforementioned LED
load for the DL//S ZCS-QRC AC-LED driver and an LED load comprised of two
parallelized strings of 4 LEDs in series for the DL//L ZCS-QRC AC-LED driver. Fig.
4.12, shows a picture if a DL//S ZCS-QRC AC-LED driver with its LED load and their
size measured in cm. The other designed LED drivers, for the rest of the chapter, will
follow a very similar pattern, ensuring the same measurements as the ones depicted in
Fig. 4.12 (a).

Q9 6
ot

(@ ®)

Fig. 4.12. Constructed prototypes. (a) DL//S ZCS-QRC AC-LED driver. (b) LED load based on the
recommended design for the Lumiled LXML-PWC?2.

4.3.1 Steady state operation of the DL//S ZCS-QRC AC-LED driver

The specific design for the DL//S ZCS-QRC AC-LED driver has been carried out
following the design criteria introduced in Section 4.2.3 for an input voltage of 12 V,
feeding an LED load equivalent to 24 V and 300 mA. Furthermore, Table 4.3 summarizes
the values selected for the design, which have been selected to completely eliminate the
reverse recovery effect while achieving ZCS on Q,. As regards the switching frequency,
it has been selected in the range between 235 kHz and 265 kHz, taking into account that
the lowest switching frequency happens at full dimming and the highest switching
frequency at full load (i.e., the highest the switching frequency the highest the effective
duty cycle on the AC-LED driver).

Fig. 4.13 (a) depicts a snapshot of the oscilloscope showing the most representative
waveforms from the point of view of the LED load, being io(t) the current across them,
ve(t) the voltage withstood by them and vi(t) their emitted luminance, with vgsi(t) as a
reference. As can be seen, the DL//S ZCS-QRC AC-LED driver does not show any
reverse recovery effect, which matches correctly i,(t) with the emitted luminance. In
addition, Fig. 4.13 (b) is used to show the correct achievement of ZCS on Q; by showing
both the resonant current, ir«(t), and the voltage withstood by Q. In summary, Fig. 4.13
correctly exemplifies the operation of the DL//S ZCS-QRC AC-LED driver in accordance
to the mathematical analysis of Subsection 4.2.1.
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Table 4.3. Components of the experimental prototype of the DL//S ZCS-QRC AC-LED driver.

Fig. 4.3 (a) reference Value
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Fig. 4.13. Most representative waveforms of the DL//S ZCS-QRC AC-LED driver. (a) Output current, light
and reference waveforms. (b) Resonant current, drain-source voltage of Q; and reference waveforms.
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4.3.2  Steady state operation of the DL//L ZCS-QRC AC-LED driver

In a similar fashion, a prototype of the DL//L. ZCS-QRC AC-LED driver has been
designed in order to eliminate the reverse recovery effect while achieving ZCS. Then, by
fulfilling the design requirements the value of its components have been obtained and
summarized in Table 4.4 for an input voltage of 24 V feeding two strings of 4 LEDs that
are equivalent to 12 V and 600 mA at full load.

Table 4.4. Components of the experimental prototype of the DL//L ZCS-QORC.

Fig. 4.6 (a) reference Value

L, 400 pH — N49 — RMS8
L, 4.7 uH

C: 6.8 nF

Qi FDMS86105

Once again, the next step is validating its operation by analyzing the waveforms
attained from the oscilloscope. Fig. 4.14, shows the most representative waveforms for
the DL//L ZCS-QRC AC-LED driver. As can be seen, Fig. 4.14 (a), shows the waveforms
related to the LED load as are: io(t), vi(t) and vc(t). Particularly, io(t) presents an
undesired negative current peak in the middle of the duration of the turn-off due to the
high reverse voltage withstood by the LED load, that causes the LED to start conducting
inversely. Although this current peak does not have any impact on the emitted light, as
can be seen on vi(t), it heavily decreases both the lifetime and the luminous efficacy of
the LEDs. This conclusion can be extracted from a test over time that has been carried
out for the DL//L ZCS-QRC AC-LED driver, in order to observe the implications of
applying negative voltages to the LED load, whcih severely surpass the limits set by the
manufacturer, and whose results are depicted in Fig. 4.15. As can be seen, in the span of
an hour the LED load is rendered useless.

Furthermore, this undesired current peak, implies that the DL//L ZCS-QRC AC-LED
driver is unable to achieve ZCS on Qi, as during that time the driver goes into another
stage that has not been analyzed in the theoretical analysis as it should not exist. In fact,
this limitation cannot be simply overcome without adding more components to the circuit,
which will further hinder the efficiency of the driver. Therefore, the DL//L ZCS-QRC
AC-LED driver is discarded for LED driving, unless LEDs with higher blocking reverse
voltage blocking capabilities are available, considering that its use is not feasible with
current LED technology.

4.3.3  Control strategy

The last part of this chapter will include a reliability test between different LED
drivers to understand the implications of high-frequency AC-LED driving or whether the
reverse recovery effect impacts the lifetime of the LEDs. For that matter, and in order to
ensure a proper test scenario, it is necessary to control the average current across the LED
load or the light output [4.25].
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Fig. 4.14. Most representative waveforms of the DL//L ZCS-QRC AC-LED driver. (a) Output current, light
and reference waveforms. (b) Resonant current, drain-source voltage of Q; and reference waveforms.
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Fig. 4.15. Luminance versus wavelength in the visible spectrum for different time instants DL//L ZCS-QRC
AC-LED driver.
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The solution to control the proposed ZCS-QRC AC-LED drivers needs to be simple
and cost efficient, as otherwise it will not be suitable for the application. Therefore, a
commercial analog Integrated Circuit (IC) capable of switching up to 1 MHz is going to
be used (i.e., MC33023). However, unlike a conventional de-dc converter or the presented
AC-LED converters, the ZCS-QRC AC-LED drivers require for their switching
frequency to be controlled in order to regulate i,(t). Previous works have tackled this topic
on ZCS-QRCs, by adding a simple external circuit to commercial ICs in order to have a
constant on time while controlling the duration of the off-time [4.26], [4.27].

Fig. 4.16, shows the proposed circuitry to control the off-time, particularized for the
MC33023, which is equivalent to the renowned UC3823 [4.28]. The idea is based on
taking advantage of how the ramp is generated in most commercial ICs. In that respect,
an external capacitor (i.e., Ct) and an external resistance (i.c., Rt) are used in conjunction
to generate the ramp as the current across the resistance is the one used to charge the
capacitor until it reaches a certain voltage, point after which Cr will start discharging in
accordance to a current sink defined by the NPN Bipolar Junction Transistor (BJT)
internally connected to pin 6, Q>. It should be noted that t,, and torr will be defined after
the comparison of the ramp with a certain voltage, traditionally set by the outer voltage
loop. However, for this scenario, this voltage is set to its admissible maximum, forcing
the charging time of Cr to be defined as t,n, and the discharge as to. Thus, with an
adequate selection of Cr and Ry, it is possible to attain a driving signal for Q; with the
desired switching frequency and to, duration.
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Fig. 4.16. Diagram of the external circuitry to control the off-time in ZCS-QRC AC-LED drivers.

Even though, this driving signal has a fixed frequency, it is possible to attain a variable
torr With the external circuitry depicted in Fig. 4.16 (i.e., Q3 and U). The idea is using a
PNP BJT operating in the linear region as a controllable current source. This achievement,
is the cornerstone to control the discharge of Cr and thus to;. However, Q3 needs to
operate as a current source only during t.s. For that matter, the analog multiplexer, U,, is
added to the circuit to be responsible for switching Qs between the cut-off region and the
linear region by selecting between the two voltages at its input. This selection is
performed on U, thanks to the signal generated by the IC on its fourth pin that sets its
value to high whenever the ramp reaches its maximum voltage threshold, and goes back
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to low when it reaches its minimum threshold, coinciding with to. Then, by controlling
Ve, it is possible to vary the switching frequency to control the ZCS-QRC AC-LED
drivers.

The aforementioned control circuitry has been validated in open loop by controlling
the driver switching frequency with an external power supply assuring that i, and i,
follow the relationship introduced in both (4.29) and (4.51) for the whole range of
operation. It is important to note, that in the ZCS-QRC AC-LED drivers the LEDs are
dimmed by varying the switching frequency of the converters. At the same time the
converter demands less power causing the input current to decrease, which in the end
causes the peak current across the LEDs to diminish. This behaviour can be observer in
Fig. 4.17 for a DL//S ZCS-QRC AC-LED driver operating at different dimming
conditions. This figure, has been obtained by extracting from the oscilloscope the
different measurements and plotting them all together to be able to compare them. This
implies that there are two degrees of freedom in order to control the ZCS-QRC AC-LED
drivers, however, in the case of study the input current is completely reliant on the
switching frequency, so only the switching frequency is required to be controlled.
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Fig. 4.17. Current across the LEDs on the DL//S ZCS-QRC AC-LED driver for different dimming points.

In order to study the design of the compensator, the open loop gain of the DL//S
ZCS-QRC AC-LED driver has been measured by means of a Venable® 6320 frequency
analyzer, see Fig. 4.18. The objective is to attain the real response between v. and io,
taking into consideration the dynamics of the tosr control circuitry and the low pass filter
(i.e., LP Filter) used to attain the average value of i,(t), which is also scaled by a certain
factor, {. It should be noted that for better results, a voltage follower is introduced between
the Venable generator and the circuit to achieve a high impedance interface less intrusive
for the operation of the DL//S ZCS-QRC AC-LED driver.

The results of this measurements are summarized in Fig. 4.19 for four different load
points (i.e., 100%, 80%, 50% and 20% of the maximum load), where it can be observed
that the most restrictive condition is set at full load. Hence, a compensator been designed
to ensure stability for all the range of operation with a crossover frequency of 10 kHz, a
gain margin of 22.5 dB and a phase margin of 62°.
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Fig. 4.18. Measuring setup for the open loop response relating v. and i, on the DL//S ZCS-QRC AC-LED
driver, based on a Venable® 6320 frequency analyzer.

Magnitude [dB]
=

Phase [deg]

0.1 1 10 100
Frequency [kHz]

Fig. 4.19. Open loop gain of the DL//S ZCS-QRC AC-LED driver for different dimming conditions.
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4.3.4  Comparison and reliability testing

After having experimentally validated the closed loop operation of the DL//S
ZCS-QRC AC-LED driver, four prototypes have been built with the same specifications
and components, setting two of them at full load conditions and the other two at half load.
The idea is to study their operation over a long period of time while measuring the
luminous efficacy, which will be measured in Im/W taking into account the losses of the
control circuitry, and the CCT. The latter is calculated from McCamy’s formula [4.29]
after obtaining the (X, y) coordinates in accordance to the CIE 1931 standard from the
spectral power distribution of the light emitted by the LEDs [4.30], [4.31].

At the same time four prototypes of a conventional boost de-dc converter and another
four of a DL//S AC-LED driver, feeding each the same LED load have been built in order
to compare them with the DL//S ZCS-QRC AC-LED driver and to study the implications
of the reverse recovery of the LEDs on their lifetime. The design has been done following
the same specifications and keeping the same components when possible. It should be
noted that for the conventional dc-dc boost LED driver an additional power diode and an
output capacitor of 10 puF will be used. The electrical efficiency of these three different
LED drivers will not be compared, as the luminous efficacy makes for a fairer
comparison, taking into account that it becomes a challenge to accurately measure the
electrical efficiency of the current though the LED load which is pulsating at high
frequencies.

The test has been carried out by using an integrating sphere, see Fig. 4.20, in
conjunction with a spectrophotocolorimeter from LabSphere Inc. Before starting the
reliability testing, the three LED different LED drivers have been measured in terms of
their luminous efficacy and CCT. The results are compared and shown in Fig. 4.21, where
they have been normalized at the value taken at the point of maximum output current for
each of the drivers in order to be able to compare their tendencies. Otherwise, the disparity
of the values would make this comparison to be impossible. As can be seen in Fig. 4.21

Fig. 4.20. Integrating sphere and spectrophotocolorimeter from LabSphere Inc. used for the luminous
efficacy and CCT measurements.
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(a) the DL//S ZCS-QRC AC-LED driver presents the least variation in terms of luminous
efficacy for the different dimming conditions. However, the differences are not
significant for any of the LED drivers. As regards CCT, Fig. 4.21 (b), shows that the least
variation happens for the conventional dc-dc boost converter, however, there are not
significant difference either.
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Fig. 4.21. Initial measurements for the three LED drivers under study. (a) Normalized luminous efficacy
VS i,.(b) Normalized CCT vs i,

After having compared and checked the operation of all twelve prototypes, the next
step is leaving them operating uninterruptedly for 700 h. Nonetheless, in order to ensure
a correct operation, their temperature has been monitored along the 700 h in order to avoid
bad samples or misbehaviours. Fig. 4.22 shows the LED driver temperature, after several
operating hours and in steady state. As can be seen there is a significant difference
between the DL//S AC-LED driver and the other two drivers in terms of temperature,
which can only be explained due to the reverse recovery effect. However, this temperature
increase should not directly impact the LEDs as they are far from the temperatures that
could cause significant damage to their luminous efficacy.

Then, the LED drivers were measured every 175 h in the integrating sphere in order
to see the pattern of degradation over time if any, and to check if they were operating
correctly. The results of these measurements are summarized for the two load points of
study in Fig. 4.23 and Fig. 4.24. As can be seen in Fig. 4.23, the luminous efficacy of the
DL//S AC-LED driver plummets becoming irreversibly less efficient than the DL//S
ZCS-QRC AC-LED driver in roughly 600 h due to the reverse recovery effect. In fact,
taking into consideration this is quite a short time, considering the lifetime of the LEDs,
the DL//S AC-LED driver is a topology to be avoided unless aiming for cheap solutions
with low specifications. In addition, the dc-dc boost LED driver, which presents a much
higher luminance efficacy than the other solutions, degrades faster than the DL//S
ZCS-QRC AC-LED driver, fact that has been proved in other studies that compared dc
and pulsed LED current driving [4.13]. And, even though, the difference is not as high as
for the DL//S AC-LED driver, this fact can arguably make the DL//S ZCS-QRC AC-LED
driver a solution able to achieve longer lifespans at the cost of a lower luminous efficacy.

It should also be noted that at higher currents the drivers degrade with a higher ratio,
however, this is not noticeable over the period of time that was studied. As regards, the
difference in luminous efficacy between the DL//S AC-LED driver and the DL//S
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ZCS-QRC AC-LED driver, it can be explained due to the extra components required for
closed feedback loop operation (i.e., extra control circuitry, see Fig. 4.16), which as can
be seen in Fig. 4.22 (a) present the maximum temperature of the prototype.
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Fig. 4.22. Temperature in steady state for the three LED drivers under study. (a) DL//S ZCS-QRC AC-LED
driver. (b) DL//S AC-LED driver and (c) dc-dc boost LED driver.
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Fig. 4.23. Measurements of luminous efficacy over time for the three LED drivers under study. (a) At half
load. (b) At full load.
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Finally, Fig. 4.24, shows that there is no significant variation in terms of CCT over
time for any of the LED drivers under study, considering the two different load conditions
and taking into account that these differences are within the range of the tolerances of the
LED.

5600 55
5580 5500
5560 —#= dc-dc boost LED driver
5450 —e— DL//S AC-LED driver 1
Z 5540 1z —8— DL//S ZCS-QRC AC-LED driver
5 5 5400
O 5520 ~#— dc-dc boost LED driver 10
—e— DL//S AC-LED driver 5350
5500 —8— DL//S ZCS-QRC AC-LED driver | |
548 5300
5460 : ‘ ‘ 5250 ‘ ‘ ‘
0 200 400 600 800 0 200 400 600 800
Time[h] Time[h]
(a) ()

Fig. 4.24. Measurements of CCT over time for the three LED drivers under study. (a) At half load. (b) At
full load.

4.4 Conclusions

This chapter proposes the use of LEDs as the rectifier diode and load in conventional
dc-dc converters. However simple this statement seems to be, discerning the feasibility
of using LEDs under such conditions is not due to the lack of information in the
manufacturer datasheets. For that matter, the switching performance was carefully studied
along with a reliability test, concluding that:

e LEDs are able to switch at high frequencies up to 2 MHz.

o LEDs present a huge reverse recovery peak under the aforementioned operation,
which decreases their luminous efficacy over a short period of time, and thus
their lifetime.

A method to remove the reverse recovery effect on the LED load has been discussed
by means of using a full-wave resonant switch, yielding two LED drivers that receive a
dc voltage at their input and drive the LEDs with pulsated currents: the DL//S ZCS-QRC
and DL//L ZCS-QRC AC-LED driver. In accordance to the mathematical analysis carried
out, it is possible to control the di/dt during the turn-off of the LEDs and achieve ZCS on
the main switch. It is this control of the di/dt during the turn-off which allows the
elimination of the reverse recovery effect.

Both topologies were built and experimentally tested, observing that the DL//L
ZCS-QRC AC-LED driver is unable to operate as studied due to the high reverse voltage
that the LEDs need to withstand, which causes the topology not only to misbehave but to
dramatically reduce the lifetime of the LEDs, as they start conducting inversely. In that
respect, this topology is discarded unless newer technologies of LEDs able to withstand
those voltages are manufactured.
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As regards the DL//S ZCS-QRC AC-LED driver, its experimental performance
correctly corresponds to the mathematical analysis carried out achieving the removal of
the reverse recovery effect and ZCS on the main switch. In addition, it achieves full
dimming conditions under output current feedback loop operation with a simple control
method that varies the switching frequency of the LED driver. This control method
requires a PNP BJT to be added to the circuit working in the linear region as a current
source and an analog multiplexer that switches the PNP BJT between the cut-off and the
linear region, in order to keep a constant on-time while varying the off-time.

Furthermore, the DL//S ZCS-QRC AC-LED driver has been studied and compared to
a conventional dc-dc boost LED driver in a reliability test, showing that even though its
luminous efficacy is lower, it is able to achieve higher lifespans. Nonetheless, the
difference in luminous efficacy can be understood due to:

e the dc driving of LEDs being more efficient than pulsed driving.

e the losses introduced by the extra components required for the control of its
off-time.

e the high RMS current across the resonant inductor, L.

In summary, the DL//S ZCS-QRC AC-LED driver shows several advantages that
makes it prone to be operated as a post-regulator stage in spite of the traditional dc-dc
boost LED driver:

e  Dbetter performance in terms of lifetime.
e removal of the rectifier diode.

e size reduction of the output capacitor, as it is changed for the resonant capacitor,
C.

e ability to reach high switching frequencies due to the achievement of ZCS on
the main switch.

Nevertheless, it presents several disadvantages in comparison:
e lower initial luminous efficacy.
e variable switching frequency.
e higher RMS current across the main switch, Qi, and the resonant inductor, L,.

e increased complexity of the control circuitry.
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Conclusions

And once the storm is over, you will not
remember how you made it through, how
you managed to survive. You will not even
be sure, whether the storm is really over.
But one thing is certain, when you come out
of the storm, you will not be the same
person who walked in.

— Umibe no Kafuka, Murakami Haruki.

The present chapter discusses the most important conclusions that can be extracted
from this dissertation, emphasizing its original contributions to power electronics in the
topic of LED driving. In addition, the discussion is extended to some research topics,
which can be further studied to continue the work developed throughout this dissertation.

5.1 Conclusions and contributions

The present dissertation has investigated the development of more efficient power
topologies to drive high power LED loads of more than a 100 W in ac power grids
complying with the most important regulations and norms defined for this specific
application. For that matter, and after carefully considering the current literature,
summarized in Chapter 1, the focus has been put on the study of three-phase multi-cell
ac-dc LED drivers based on a modular approach in order to demonstrate whether these
solutions could improve those proposed in the state-of-the-art. In addition, the study was
extended to a more conventional approach, evaluating single-phase ac-dc LED drivers
based on using current-fed topologies that could potentially provide isolation and high
efficiencies with a single-stage. The previous approaches focus on controlling a high
amount of LED strings at the same time taking into consideration an ideal current sharing
between the strings that could potentially comprise the LED load. However, in some cases
that require a high performance, a post-regulator stage is required per string to ensure an
adequate current sharing between them. In that sense, a post-regulator stage has also been
proposed using a pulsed current through the LEDs and aiming to reduce its cost while
improving its performance over the more conventional approaches. These three different
scenarios summarize the topics in which this dissertation has made its contributions which
are further detailed throughout this chapter.
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Firstly, in Chapter 2, the concept of intrinsically removing the electrolytic capacitor
in a three-phase ac-dc LED driver has been analyzed and obtained under certain
conditions: the current demanded by all three-phases needs to achieve unity PF and the
input power of each phase needs to be fed to the same load. The removal of this
component has proved to be critical to improve the lifetime of ac-dc LED drivers and is
one of the main topics in the current literature. For that matter, this chapter has analyzed
the Delco topology in Section 2.2 with the aim of achieving a simple and efficient ac-dc
LED driver able to operate under full dimming conditions by using as the cells of the
ac-dc LED driver converters behaving as an LFR. Following the LFR concept, a three-
phase ac-dc topology has been proposed based on the full-wave three-phase rectifier. In
fact, taking into consideration the similarity with the Delco LED driver, as they both reach
the exact same equivalent circuit, they have been compared experimentally using flyback
converters operating as LFRs. This comparison concludes that:

e both topologies can be used as ac-dc LED drivers, achieving full dimming, and
complying with the most restrictive of regulations.

o the efficiency of the full-wave three-phase ac-dc LED driver is higher than the
Delco, in spite of its power density.

e the higher amount of components required for the full-wave three-phase ac-dc
LED driver does not justify its use for the lower power range of LED luminaires.

o the efficiency is completely reliant on the selected topology used to defined the
cell.

In fact, this last statement introduced the study of a Delco topology based on more
efficient cells, which was carried out in Section 2.6 using the traditional two-stage
solutions used in single-phase ac-dc converters, proposing a control method that
guarantees the full removal of the electrolytic capacitor. However, this two-stage Delco
ac-dc LED driver presented two important drawbacks:

o ahigh cost due to the amount of components used, taking into consideration not
only the power stage but all the control required for the system.

o the efficiency at full load which is greatly improved over the previous flyback
cells, still presents a poor performance under dimming conditions, which are
attributed to the operation of the second stage of each cell. It should be noted
that this performance greatly depends on the selected isolated dc-dc converter
used for the second stage.

Keeping in mind these drawbacks, the last solution proposed in Section 2.4 is the
complete removal of the second stage. However, to ensure a constant and conventional
driving of the LED load, an electrolytic capacitor is required. Thus, a study is carried out
to drive the LED loads with low frequency pulsating current while guaranteeing a
constant light output. This is only possible by taking advantage of one of the light
properties that allows for the light output of each phase to be blended. This method is
further validated with experimental results by means of PFC boost cells measuring the
light output at a fixed distance. Even though, this method does not provide galvanic
isolation, it presents higher efficiencies, even under dimming conditions, with a low
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component count. Its main drawback is that it requires for the LED loads to be positions
adequately in order to assure that the light output is rendered constant.

In the aim of achieving more efficient single-stage single-phase ac-dc LED drivers
which could be used standalone in a single-phase ac power grid or as part of a multi-cell
ac-dc LED driver. Chapter 3, evaluates the use of current-fed topologies as ac-dc
converters. The conventional limitations of these topologies have prevented them from
achieving the required performance for an ac-dc LED driver, however the proposed dual
inductor current-fed push-pull is able to overcome those limitations due to its simpler
transformer design. In addition, due to the interleaving that occurs intrinsically between
its two inductors, it is able to obtain a reduced input current ripple in comparison to other
topologies. The static analysis of this topology is further detailed in Subsection 3.2.1,
which is experimentally validated in Section 3.4.

Although its transformer design is simpler, it still requires a careful design in order to
avoid its parasitic inductance and capacitor from affecting the performance of the
topology. For that matter, and in order to attain the best performance out of this ac-dc
LED driver, the design requirements and procedure is proposed along Subsections 3.2.2
and 3.2.3.

The aforementioned statements cover the design of the power stage, but special focus
is put in the proposed control of the topology, which is summarized in Section 3.3. In
fact, the significant characteristic of this control is that only a single isolated measurement
is necessary, being able to control both the current across the LED load and perform the
required control for BCM operation sensing the current after the high frequency diode
bridge. Furthermore, the small-signal analysis is performed and experimentally validated.
The prototype built has shown outstanding characteristics that compares it with the most
efficient isolated single-stage single-phase ac-dc LED drivers, at the cost of requiring a
demagnetization circuit for its both inductors to prevent the destruction of its switches in
case of a malfunctioning event, using variable frequency and requiring switches with
higher breakdown voltages in comparison to other topologies to operate in European input
voltage range.

The previous chapters focused on the development of ac-dc LED drivers. In contrast,
Chapter 4, proposes the improvement of the post-regulator stage used in single-phase
multi-stage ac-dc LED drivers. The idea is based on using the LED load as the rectifier
of conventional dc-dc converters aiming to reduce the cost of this topology by removing
the rectifier diode and the output capacitor. In these topologies the LEDs operate with
pulse current, yielding an AC-LED driver. However, present white LEDs available on the
market are not prepared for this operation switching at high frequencies and show a
significant reverse recovery effect. For that matter, the proposal is to use a full-wave
quasi-resonant switch yielding the ZCS-QRC AC-LED drivers. These AC-LED drivers
are able to remove the reverse recovery effect in accordance to the proposed theoretical
analysis and the proposed design criteria introduced in Section 4.2.

Moreover, this chapter validates experimentally the operation of the DL//S ZCS-QRC
AC-LED driver, unfortunately due to the reverse conduction limitation of white LEDs
the DL//L ZCS-QRC AC-LED driver is not a feasible solution at the present time. The
DL//S ZCS-QRC AC-LED driver is further compared with a DL//S AC-LED driver and
a dc-dc boost LED driver over a 700 h reliability test along Section 4.4. During this test
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the DL//S AC-LED driver luminous efficacy plummeted due to the reverse recovery
effect, discarding this topology. As regards the DL//S ZCS-QRC AC-LED driver it shows
some advantages over the conventional dc-dc boost LED driver:

e  Dbetter performance in terms of lifetime.
e removal of the rectifier diode.
e size reduction of the output capacitor.

e ability to achieve higher frequencies due to the achievement of soft-switching
on the main switch.

Summarizing, this dissertation has presented several power topologies to be used as
LED drivers in order to improve the performance of those proposed in the state-of-the-art
while complying with the most restrictive regulations.

5.2 Outlook

Future research on the proposed LED drivers can be performed with special focus on
their optimization, which is the constant pattern in the solutions presented in the latest
works available in the state-of-the-art. For that matter, the optimization can be performed
either in terms of the efficiency of the power stage or by developing better control
methodologies.

5.2.1  Multi-cell three-phase ac-dc LED drivers

As regards the analysis of three-phase ac-dc LED drivers, the optimization of the cell
is key to attain more efficient solutions aiming to achieve higher power densities. This
optimization can be done studying whether a single-stage or a two stage approach for the
cell is the most optimal for the application. Particularly emphasizing:

o the use of bridgeless PFC converters, that will further increase the efficiency by
removing the lousy low frequency diodes in all converters.

o the use of resonant de-dc isolated converters with optimized efficiencies keeping
the efficiency high even at low loads by extending the operation range of the
soft-switching techniques applied to the switches.

e the study of the optimal amount of cells required. This means serializing or
parallelizing cells taking into consideration the voltage and current range of the
semiconductors.

Furthermore, there are some improvements that can be performed to the control of
multi-cell ac-de LED drivers which will not exclude those performed for the power stage,
as are the addition of:

o afeedback loop at the input that ensures that each cell demands the same amount
of power, can contribute to reduce the six times the mains frequency ripple at
the output. This improvement can further diminish the size of the output
capacitor.
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e a balancing feedback loop at the input of the multi-cell converter can also help
deal with undesired voltage spikes on the three-phase power grid that can cause
current changes on the LED load.

5.2.2  Single-phase single-stage current-fed ac-dc LED driver: DICPP

The dual inductor current-fed push-pull presented several characteristics that made
the converter comparable with the most efficient solutions currently proposed in the
state-of-the-art for single-phase ac-dc LED drivers. However, the designed converter was
not optimized in terms of either size or losses. In that regard, future work can look into:

o further studying the design of magnetic components. As has been seen in the
distribution of losses, the magnetic components contributed to half of the losses
of the DICPP ac-dc LED driver. For this reason, the use of CCM equivalent
current across each of the inductances can reduce the losses due to the lower
RMS of the current across them. This operation can be easily performed by
controlling the DICPP ac-dc LED driver with a MBC.

e studying the design of EMI filters and compare them in terms of size with other
state-of-the-art topologies, considering the compliance with limits set by the
EMI lighting regulation (i.e., EN 55015:2013).

In addition, and taking into account the possibility of making a bridgeless variation of
this ac-dc LED driver, its efficiency can be further improved using truly bi-directional
switches able to block in both directions when they are turned-off, while keeping the same
operation discussed along Chapter 3. Continuing the discussion on the selected
semiconductors, it is also possible to study the development of a universal voltage range
DICPP ac-dc LED driver using switches able to block 1.2 kV taking into account the
design criteria introduced in (3.18).

As regards the removal of the electrolytic capacitor, any of the several methods
discussed in Chapter 1 can contribute to perform this feat, rendering a highly efficient,
quasi-single-stage, current-fed, ac-dc LED driver.

5.2.3 High-frequency AC-LED drivers based on ZCS-QRCs

Chapter 4, discussed the use of LEDs as the rectifier diode of conventional de-dc
converters. The proposed future work for the AC-LED drivers can be summarized into
two different points:

e  The further study of high-frequency AC-LED drivers operating in DCM or BCM
and achieving the removal of the reverse recovery effect that made their
luminous efficacy to plummet over time, thanks to the reduced di/dt during the
turn-off of the LEDs. Under this scenario, the LEDs will be driven by a triangular
pulsating waveform. This operation requires to be studied in detail and will need
to undergo a similar reliability analysis to the one performed in Chapter 4.

e  The study of the dynamic analysis of the ZCS-QRC AC-LED drivers. The closed
loop operation of the drivers was developed after measuring the frequency
response with a frequency analyzer. For that matter, a mathematical analysis is
required to obtain the small-signal analysis that can help designing the proposed
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AC-LED drivers. For the sake of completion, the aforementioned analysis will
need to be experimentally validated.
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Conclusiones

El presente capitulo presenta las conclusiones mds importantes que han sido
obtenidas de este trabajo de Tesis, poniendo especial énfasis en las contribuciones
originales a la electronica de potencia en la temdtica de los drivers de LED. Ademds,
este capitulo también aborda aquellos trabajos futuros que pueden ser retomados como
continuacion de esta Tesis.

5.1 Conclusiones y contribuciones

Esta Tesis se ha encargado de investigar el desarrollo de nuevas topologias de potencia
mas eficientes en el ambito de la alimentacion de cargas de LEDs de alta potencia de mas
de 100 W, y cuyo objetivo es la conexion a la red de distribucion de corriente alterna. En
su disefio se ha tenido en cuenta que estas topologias cumplan con las regulaciones y
normativas mas importantes, y que a la par son de necesario cumplimiento para este tipo
de equipos. Por este motivo, y después de haber estudiado el estado del arte en el Capitulo
1, se ha enfatizado el estudio de los drivers de LED ca-cc trifasicos multi-celda que estan
basados en una topologia modular con el objetivo de mejorar los resultados de aquellos
propuestos en el estado del arte. A continuacion, el andlisis topoldégico fue extendido a
los drivers de LED ca-cc monofasicos mediante el uso de topologias alimentadas en
corriente aisladas galvanicamente, que puedan alcanzar un alto rendimiento. Estos dos
estudios se centran en el control de un nimero elevado de cadenas de LEDs al mismo
tiempo, considerando un reparto de corrientes ideal entre todos los LED que conforman
la carga. Sin embargo, en aquellos casos en los que se requiera un alto rendimiento y
mayor control de la corriente a través de cada una de las cadenas de LED, una etapa
post-reguladora es necesaria por cada una de las cadenas de LEDs para asegurar un
reparto adecuado de la corriente. En ese sentido, se propone un post-regulador mediante
el uso de una corriente pulsada de alta frecuencia a través de la cadena de LEDs y con el
objetivo de reducir el coste y mejorar el rendimiento en comparacion con aquellas
topologias mas tradicionales. Las tres propuestas descritas, resumen las tematicas en las
que la presente Tesis ha realizado sus contribuciones, y que son detallados a lo largo de
este capitulo.

En primer lugar, el Capitulo 2 parte del concepto de eliminar el condensador
electrolitico de manera natural en los drivers de LEDs ca-cc trifasicos. La eliminacion de
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este componente se puede llevar a cabo siempre y cuando se cumplan dos condiciones: la
corriente demandada por todas las fases debe alcanzar Factor de Potencia (FP) unidad y
la potencia de entrada de cada una de las fases debe ser entregada a la misma carga de
LEDs. De hecho, la eliminacion del condensador electrolitico es un aspecto critico cuando
se quiere obtener un driver de LEDs con una larga vida util. Por este motivo, este capitulo
analiza la topologia de Delco en la Seccion 2.2 con el objetivo de proponer un driver de
LEDs simple y eficiente, que ademas sea capaz de trabajar en condiciones de atenuacion
total o dimming total en su terminologia anglosajona. Como celdas de esta topologia se
han utilizado convertidores que se comporten como LFRs. Es mas, siguiendo un disefio
modular basado en convertidores actuando como LFRs, se presenta también una
topologia ca-cc trifasica basada en el rectificador trifasico de onda completa. Teniendo
en cuenta la similitud con el driver de LEDs de Delco, ya que ambos llegan al mismo
circuito equivalente, las dos topologias han sido comparadas como drivers de LEDs
mediante el uso de convertidores flyback a nivel de celda comportandose como LFRs. De
esta comparativa se concluye que:

e ambas topologias pueden ser usadas como drivers de LEDs conectados a una
red de distribucion trifasica, alcanzando la correcta operacion en condiciones de
dimming total y cumpliendo incluso las normativas mas restrictivas.

o el rendimiento del driver de LEDs basado en el rectificador trifasico de onda
completa es mayor que el driver de LEDs de Delco, sin tener en cuenta su
densidad de potencia.

e ¢l mayor nimero de componentes necesario para el driver de LED basado en el
rectificador trifasico de onda completa, no justifica su uso para aquellas
luminarias LED de menor potencia.

e ¢l rendimiento depende completamente en la topologia seleccionada para
construir la celda.

Este tltimo punto, es el que lleva al analisis de driver de LED de Delco basado en
celdas mas eficientes que utilizan una doble etapa, tal y como se describi6 en la Seccion
2.6. La metodologia de control propuesta también permite en este caso eliminar el
condensador electrolitico. Sin embargo, presenta dos desventajas importantes:

e sualto coste debido a la cantidad de componentes utilizados, teniendo también
en cuenta la circuiteria de control y la etapa de potencia.

e la mejora del rendimiento a plena carga frente al uso de celdas basadas en
convertidores flyback, es mejorable debido a su bajo rendimiento en
condiciones de dimming. Esta caida del rendimiento, ase atribuye al bajo
rendimiento de la segunda etapa incluida en cada celda, en condiciones de baja
carga.

Estos motivos son los que llevan a la ultima solucidon propuesta en la Seccion 2.4, y
que estd basada en la eliminacion de la segunda etapa. Sin embargo, asegurar una
corriente constante para controlar los LED en una sola etapa implica el uso de un
condensador electrolitico. Por lo tanto, se llevo a cabo un estudio para observar como la
luz total del driver es constante, pese a que pulsa en cada una de las celdas. Esta operacion
es posible gracias a las caracteristicas de la luz que permiten que la luz proporcionada por
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cada una de las tres fases se sume. Es mas, este método es validado experimentalmente
mediante el uso de celdas basadas en elevadores con PFC y midiendo la luz total a una
distancia determinada. Aunque este método, no proporciona aislamiento galvanico, es
capaz de solucionar los problemas de rendimiento a baja carga y mejorarlo, incluso a
plena carga. Su principal desventaja es que necesita que las cargas de LEDs de cada una
de las celdas estén dispuestas de una manera adecuada para garantizar que la luz se
combine obteniendo asi una luz constante.

Siguiendo el objetivo de obtener soluciones mas eficientes en una sola etapa para
drivers de LEDs ca-cc monofasicos, que puedan ser utilizados de forma independiente o
como parte de un driver de LEDs multi-celda, el Capitulo 3 evalua el uso de topologias
alimentadas en corriente como convertidores ca-cc. Las limitaciones de estos
convertidores tradicionalmente han evitado que puedan alcanzar altos rendimientos
necesarios para drivers de LEDs. Sin embargo, la propuesta basada en un push-pull de
doble inductancia alimentado en corriente es capaz de solucionar estos limites debido al
sencillo disefio de su transformador. Ademas, es capaz de reducir el rizado de alta
frecuencia que existe en sus inductancias debido al entrelazado (o interleaving en su
terminologia anglosajona) que ocurre entre ellas. El andlisis estatico se ha detallado en la
Subseccion 3.2.1, siendo experimentalmente validado en la Seccion 3.4.

Aunque el disefio del transformador es simple, sigue necesitando de un disefio
cuidadoso para evitar que las inductancias y condensadores parasitos afecten al
rendimiento de la topologia. Esta tematica se aborda con detalle en los criterios de disefio
de las Subsecciones 3.2.2 y 3.2.3.

Las propuestas anteriormente mencionadas, se centran en el disefio de la etapa de
potencia, pero también se han realizado aportaciones en el control del push-pull de doble
inductancia alimentado en corriente, a lo largo de la Seccion 3.3 en la propuesta de control
para esta topologia. De hecho, la principal caracteristica de este control es que solo
necesita de una medida aislada que se encarga de controlar que la corriente a través de los
LED sea la adecuada, mientras ambas inductancias trabajan en modo de conduccion
frontera equivalente. Ademas, un simple analisis de pequefia sefial validado
experimentalmente, demuestra la sencillez del disefio de su lazo de control. Teniendo
todo esto en cuenta, se procedid al disefio de un prototipo que demostrd tener las
caracteristicas necesarias para ser usado como un eficiente driver de LED ca-cc
monofasico de una sola etapa, capaz de compararse con las propuestas mas eficientes del
estado del arte. Sus inconvenientes estan relacionados con la necesidad un circuito de
desmagnetizacion para ambas inductancias que evite la destruccion de los interruptores
en caso de que ocurra algin fallo en el control, el uso de frecuencia variable para su
control o la necesidad de interruptores con tensiones de ruptura mas elevadas para poder
operar en el rango de tensiones europeo de la red de distribucion de corriente alterna.

Los capitulos anteriores se centran en el disefio de drivers de LED ca-cc. Por el
contrario, el Capitulo 4 propone la mejora de la etapa post-reguladora usada en aquellos
drivers de LED ca-cc monofasicos multi-etapa. La idea se basa en utilizar la carga de
LEDs como el propio rectificador de los convertidores cc-cc convencionales, de manera
que se consiga reducir el coste eliminando el diodo rectificador y el condensador de
salida. Es por ello, que en estas topologias los LEDs operan con una corriente pulsada de
alta frecuencia, siendo este el motivo que los hace denominarse drivers AC-LED. Sin
embargo, los LEDs de luz blanca disponibles en el mercado no estan preparados para esta
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conmutacion a alta frecuencia y muestran un efecto de recuperacion inversa muy
significativo. Este es el motivo que lleva a proponer el uso del interruptor de onda
completa cuasi-resonante dando lugar a la familia de drivers ZCS-QRC AC-LED. Estos
drivers AC-LED son capaces de eliminar el efecto de recuperacion inversa tal y como se
propuso en el andlisis estatico de la Seccion 4.2.

Es importante tener en cuenta que este capitulo valida experimentalmente la operacion
del DL//S ZCS-QRC AC-LED driver. Aunque el DL//L ZCS-QRC AC-LED driver
funcione tedricamente, debido a la alta tension en inversa soportada por los LEDs
presenta serios problemas que hacen imposible la implementacion practica de esta
solucién. Es por ello que solamente se somete al DL//S ZCS-QRC AC-LED driver en la
Seccion 4.4 a una prueba de fiabilidad en un periodo de 700 h comparandolo con un DL//S
y un elevador cc-cc. Durante esta prueba se pudo observar como el rendimiento luminico
del DL//S AC-LED driver disminuia rapidamente con el tiempo debido al efecto de
recuperacion inversa en los LEDs, lo que acabo descartando la topologia. Finalmente, el
DL//S ZCS-QRC AC-LED driver muestra ventajas sobre el elevador cc-cc convencional:

e mejor rendimiento en términos de vida util.
e climinacion del diodo rectificador.
e reduccidn del tamafio del condensador de salida.

o la habilidad de operar a mas alta frecuencia debido a que es capaz de obtener
conmutaciones suaves en el interruptor principal.

En resumen, la presente Tesis se ha encargado de presentar varias topologias de
potencia que pueden ser usadas como drivers de LED que cumplen las normativas mas
restrictivas y mejoran el rendimiento de aquellas propuestas en el estado del arte.

5.2 Trabajo futuro

El futuro de la investigacion propuesta para los drivers de LED propuestos en esta
tesis, se puede realizar centrar en su optimizacion, lo que ha sido una constante en las
soluciones presentadas en los ultimos trabajos dentro de esta tematica. La optimizacion
se puede enfocar en mejoras de la etapa de potencia o bien mediante la mejora de la
metodologia de control.

5.2.1  Driver de ca-cc LEDs trifasicos y multi-celda

En lo que respecta al analisis de los drivers de LED ca-cc trifasicos, la optimizacién
de la celda es la clave para obtener soluciones mas eficientes que tengan como objetivo
alcanzar altas densidades de potencia. Esta optimizacion se puede enfocar hacia las celdas
basadas en una sola etapa o en una doble etapa. En concreto mediante:

e ¢l uso de convertidores con PFC sin puente rectificador, que incrementen su
rendimiento al eliminar los diodos de baja frecuencia de la entrada del
convertidor.

e ¢l uso de convertidores cc-cc aislados y resonantes que tengan un rendimiento
optimizada para las bajas cargas, de tal manera que se extienda su rango de
operacion.
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e ¢l estudio del numero 6ptimo de celdas. Lo que implica un estudio sobre el
serializado y paralelizado de celdas de menores tensiones y corrientes, con el
objetivo de seleccionar los dispositivos semiconductores 6ptimos.

Ademas, se pueden realizar también sendas mejores en términos del control del driver
de LEDs ca-cc multi-celda que, por supuesto, no excluye aquellas mejoras que se hayan
hecho a la etapa de potencia, como son:

e la inclusion de un lazo de control a la primera etapa de cada una de las celdas,
que se asegure que todas ellas demanden la misma potencia, contribuyendo asi
a reducir el de seis veces la frecuencia de red rizado presente en la salida. Esto
mejorard por tanto la capacidad de disminuir el tamafio del condensador de
salida.

e la inclusiéon de un lazo de control de balanceo que se asegure que frente a
cambios en la tension de entrada no existe efecto alguno en la potencia
demandada o en la corriente que circular a través de la carga de LEDs.

5.2.2  Push-pull de doble inductancia alimentado en corriente

Como se ha comentado previamente el convertidor push-pull de doble inductancia
alimentado en corriente, presenta muchas ventajas que le hacen poder compararse con las
soluciones mas eficientes presentes en el estado del arte. Sin embargo, el disefio del
convertidor construido estd lejos de ser el Optimo, ya sea en términos de pérdidas o
tamafio. En este sentido, el trabajo futuro se podria centrar en:

e ¢l disefio de componentes magnéticos. Como se ha podido comprobar en la
distribucion de pérdidas, los componentes magnéticos contribuyen a la mitad de
las pérdidas de este driver de LEDs. Por este motivo, se plantea evaluar su
operacion en modo de conduccion continuo, para reducir asi las pérdidas en los
componentes magnéticos, y que son debidas a la corriente eficaz mas alta por
su operacion en modo de conduccion frontera equivalente.

o el estudio del disefio del filtro EMI y su comparacion en términos de su tamafio
con otras topologias presentes en el estado del arte, considerando ademas el
cumplimiento de los limites impuestos por la normativa EMI en luminarias y
que es descrita en EN 55015:2013.

Asimismo, y teniendo en cuenta la posibilidad de poder transformar esta topologia en
un convertidor sin puente rectificador, su rendimiento puede ser mejorado mediante el
uso de interruptores bi-direccionales que sean capaces de bloquear en ambas direcciones.
La inclusioén de estos interruptores no afectard a la operacion discutida a lo largo del
Capitulo 3. Por otro lado, se propone estudiar el desarrollo de un driver de LED para
rango de tension universal basado en el DICPP mediante el uso de interruptores que sean
capaces de bloquear 1.2 kV, siguiendo el criterio descrito en (3.18).

Finalmente, en lo que respecta a la eliminacion del condensador electrolitico, esto se
puede concretar mediante cualquier de los métodos discutidos en el Capitulo 1,
obteniendo asi un driver de LEDs ca-cc monofasico y de casi una sola etapa, con un alto
rendimiento.
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5.2.3

Drivers de alta frecuencia AC-LED

El Capitulo 4, plantea el uso de los LEDs como el diodo rectificador de un convertidor
cc-cc convencional. En ese sentido el trabajo futuro puede dividirse para este tipo de
drivers de LEDs en dos vertientes:

el estudio de los drivers de alta frecuencia AC-LED operando en modo de
conduccion discontinuo o en modo de conduccidon frontera, que sean capaces de
eliminar el efecto de recuperacion inversa. De esta manera se evitaria que cayera
la eficacia luminica con el tiempo, debido a la reduccion del di/dt en los LEDs
durante su apagado en los modos de operacion mencionados con anterioridad.
En este caso, a través de los LEDs circulard una corriente de tipo triangular y
pulsada, lo que requiere un estudio detallado con un test de fiabilidad como el
desarrollado en el Capitulo 4.

el estudio del analisis dinamico de los drivers ZCS-QRC AC-LED. La
operacion en lazo cerrado de estos drivers fue desarrollada a través de las
medidas experimentales de la planta y realizadas con un analizador de
frecuencias. Por este motivo, y en visos de completar el analisis matematico, se
propone realizar el analisis de pequeia sefial, que ademas ayude al disefio de
estos drivers AC-LED. Ademas, se debera realizar una validacion experimental
del modelo obtenido en condiciones de dimming.

5.3 Financiacion
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Closed loop operation of the
three-phase multi-cell ac-dc
LED drivers

The objective of Appendix A is detailing the steps to design the compensator for both
the Delco LED ac-dc driver and the multi-cell ac-dc LED driver based on the three-phase
Sfull-wave rectifier.

A.1 Detailed description of the designed current loop

The required compensator is responsible for controlling the current across the LED
load depending on the value taken by the current reference. In addition, this reference can
vary its value in order to achieve the different dimming conditions.

The starting point to close the loop in terms of the current across the LED load for
both the Delco ac-dc LED driver and the multi-cell ac-dc LED driver based on the three-
phase full-wave rectifier is obtaining the transfer function that relates i, and d. Therefore
by particularizing (2.13) for the flyback converter used in the experimental validation of
both prototypes,
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can be obtained. Then, (A.1) can be particularized at maximum load, which is the most
restrictive operating point, in accordance to the values set in Table 2.9 in order to model
the experimental prototype, yielding,

5.979
G: =— - A2
()= 01752572500 (A-2)



214 Appendix A: Closed loop operation of the three-phase multi-cell LED drivers

Table A.1. Values used to model the dynamic response at full load of the LED drivers under study.

Value
Ve 325V
D 0.3
Ts 1 ps
L 760 uH
Vo 48V
Co 10 uF
ILED 1.2Q
n 12
m 5
Req 23.04 Q

Subsequently, (A.2) is discretized at the switching frequency using the Tustin
approximation that provides a good matching between the continuous system and its
discretized approximation [A.1]. Hence,

2.171-107*
7-0.6732

The discretization is necessary to implement the compensator inside the digital
controller, in this particular case an FPGA. Nonetheless, there are several components
that need to be taken into account before proceeding into the compensator design. For
that matter, Fig. 2.50 shows a simplified diagram of the proposed control for both ac-dc
LED drivers under study. As can be seen, the current across the LED load is measured
with a shunt followed by an amplifier that adjusts the voltage drop on the shunt within
the limits of the ADC. The data from the ADC is, then, provided to the FPGA, where it
will be compared to the current reference generating an error signal. The obtained error
signal will be processed by the compensator and the digital PWM module, generating a
PWM signal that is then sent isolated to each of main switches of the cells. By going this
it is possible to vary v., varying at the same time the power supplied to the LED load, in
accordance to the control feedback loop.

Giya(2)= (A.3)

The block diagram depicted in Fig. A.2, shows a simplified diagram of the system for
which the compensator, C(z), needs to be design. This systems takes into account, the
gains the shunt and its amplifier circuit, Hr, the gain of the ADC, Hap, and the gain related
to the digital PWM ramp inside the FPGA whose value is set by the peak value of said
ramp, Hramp.

Another important fact that needs to be taken into account for the design of the
compensator is related to the bandwidth of the system. In this particular case, and
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Fig. A.1. Simplified control diagrama of the three-phase multi-cell ac-dc LED drivers.
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Fig. A.2. Block diagram of the digital control feedback loop.

considering that, as has been seen in Section 2.6, the non-idealities of the cells of the
ac-dc LED drivers and the power grid translate into an undesired ripple on the current
across the LED load at six times the line frequency, fo. Then, the compensator needs to
be designed to filter those components similarly to a conventional compensator for a
single-phase LED driver whose crossover frequency, f;, needs to be well below the twice
the line frequency component. For that matter, setting f. in this particular case at four
times fo is a good design practice.

The last aspects that need to be looked into before starting the design of the
compensator are inherent to digital control, as are: quantization effects and limit cycling
[A.2]. Limit cycling can introduce undesired variations at the output of the ac-dc LED
driver at frequencies lower than f;, which if large, can introduce undesired oscillations on
the output current that could potentially harm the LED load. The reason for their
appearance is normally due to quantizers such as, ADC or digital PWM modules. In order
to avoid this issue, there are a detailed set of conditions which are particularized for PFC
in [A.3]. These conditions are necessary but not sufficient to avoid limit cycling, but they
are nonetheless followed for the design of the compensator and the whole system, as there
are some changes that can impact the ramp and the number of bits used by the ADC.
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At this point, it is possible to start the design of the compensator. The first step is
adding an integrator in order to guarantee that in steady state the error is zero. Then, a
real zero is added to cancel the pole in order to keep a phase margin of 90°. Finally, the
gain is adjusted for the desired bandwidth of 173 Hz. In order to show the stability of the
system Simulink Control Design™ has been used, representing in Fig. A.3, both the root
locus and the Bode diagram of the open loop gain of the ac-dc LED driver, considering
all the gains and the limit cycling conditions, attaining the next compensator:

24.8(2-0.6732)

C@)= z-1

) (A.4)
The control loop is not particularly fast in its response as seen in Fig. A.4 for a current

reference step that translates in the current across the LED load going from 0 to 1 A (i.e.,

from no load to half load in this particular design) with a 3.5 ms settling time. However,
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Fig. A.3. Stability study of the digital control feedback loop of the multi-cell ac-dc LED drivers. (a) Root
locus. (b) Bode diagram.
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Fig. A.4. Current reference step response under closed loop operation.
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this fact is not significant for an ac-dc LED driver aimed just to be an illumination
product, as in this application the LEDs are considered a slow load taking into account
that the user will not be able to observe fast changes on the light.

A.2 Experimental results

In order to validate the design of the compensator, the prototypes and setup thoroughly
described in Section 2.5 will be used. The designed compensator has been coded in
VHDL and programmed into an Artix®-7 from Xilinx (i.e., XC7A100T-1CSG324C)
[A.4], in conjunction with a digital PWM and the code that controls the ADC and its data
extraction.

The aim is doing current reference steps to observe the transient response in terms
of the current across the LED load while keeping the current across the LED load
regulated to a certain current level. For that matter, Fig. A.5 (a) shows the transient when
the current goes from half to full value, while Fig. A.5 (b) goes from full to half value.
As can be seen, the settling time in Fig. A.5 (a) coincides with the expected result shown
theoretically in Fig. A.4.

It should be noted that these measurements have been performed for both isolated
multi-cell ac-dc LED drivers obtaining similar results. For that matter, the results of Fig.
A.5 correspond to the multi-cell ac-dc LED driver based on the three-phase full-wave
rectifier.
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Fig. A.5. Current reference step transient response for the multi-cell ac-dc LED driver based on the
three-phase full-wave rectifier. (a) Half load to full load. (b) Full load to half load.
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Control circuitry for the
multi-cell ac-dc LED drivers
based on a boost LFR cell

This appendix details the analog control circuitry used to correctly operate the two-
stage Delco ac-dc LED driver, and the multi-cell LED driver based on summing the light
output of each phase, considering its two control variants. The proposal considers its
start-up by means of analog circuitry when a PFC boost converters based on an MBC is
used as the front-end converter of the cell. The proposed control is decentralized when
possible in order to achieve plug and play cells.

B.1 Control circuitry for the two-stage Delco LED driver

Along Section 2.6 the use of a two-stage Delco LED driver was introduced in an
attempt to improve the efficiency of the previously introduced flyback cells. The proposed
control, which was depicted in Fig. 2.31, focused at the time on the variables to control
in order to remove the electrolytic capacitor. The aim of this appendix is detailing the
whole control circuitry, particularly focusing on the circuitry required for the start-up of
the ac-dc LED driver.

The cell introduced in Section 2.6 is based on a PFC boost converter followed an
isolated dc-dc converter. In accordance to said analysis, the PFC boost converter needs to
receive v, which sets the amount of power demanded by said converter, and a signal that
tells the IC to be enabled, in order to comply with the start-up methodology. Fig. B.1,
details the proposed control methodology for this part of the two-stage cell. As can be
seen, the UCC3817 is responsible for ensuring an LFR performance by means of its ICC,
which as a reminder is the input current control loop. This LFR performance is achieved
with an MBC by measuring the input current and comparing it with a sinusoidal voltage
reference that is generated from the input voltage of the cell.
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Fig. B.1. Control circuitry of the boost PFC converter used as the front-end converter of the two-stage cell.

Takin into account the aforementioned operation required for the PFC boost
converter, some adjustments were required on the UCC3817EVM evaluation board
[2.48]. For that matter, and as shown in Fig. B.1, the evaluation board has a five pin
connector added, that receives: the supply voltage for the control, V., the enable signal,
Ven, the control signal, v. and the control ground, GND, while only sending the
information on the output voltage, vos, which will be used to detect on the central control
unit when does the output voltage reach a certain mark. In this same figure, there can be
seen the input and output terminals of the PFC boost converter, being INn; and INx» the
input terminals, which are to be connected to the grid, and Og; and Og, the output
terminals, which are to be connected to the VICOR module.

The enable signal, vex, is used to drive Q». Thus, by setting ven to “1°, the tenth pin of
the UCC3817 (i.e., OVP/EN) will be connected to GND, disabling the driver as this
voltage does not surpass the minimum voltage of 1.9 V set internally by the IC. On the
contrary when vex is ‘0’ the voltage on OVP/EN will be set to a certain amount
determined by the output voltage of the PFC boost converter. This voltage should be
below the 8 V mark to avoid triggering the overvoltage protection of the IC and a resistive
divider needs to be designed adequately (i.e., Rs and Rg).

As regards v, this control signal is received from the central control unit that
determines its value in accordance to the current regulator and the current across the LED
load, as can be seen in Fig. B.2 (b). This value is then sent to the eleventh pin of the
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Fig. B.2. Detailed control circuitry of the central control unit on the two-stage Delco ac-dc LED driver.
(a) Auxiliary power supplies. (b) LED load and current regulator. (c) Start-up circuitry.

UCC3817 (i.e., Vsense) that is connected to the negative pin of the internal operational
amplifier, traditionally used for the output voltage regulator. In this particular case and
considering that the output current control loop is on the central control unit, the
operational amplifier just needs to pass on the information to the ICC, to control the power
demanded by the PFC boost converter. For that matter, the operational amplifier is set as
a differential amplifier, whose output voltage, Vaiou, follows the next expression in

function of v.:
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Vaou=2Ve-7.5 V, (B.1)

considering that R3 is equal to R4. It should be noted, that even if R; and R4 seem to be
included internally in the IC due to the diagram shown in Fig. B.1, in actuality they are
not as they are connected externally to their respective pins.

Continuing with the central control unit, Fig. B.2 shows all the included circuitry
required for the control of the cells. As can be seen, there are three isolated ac-dc
converters that process 1 W each in order to supply the control circuitry of each of the
cells, see Fig. B.2 (a), and working as the auxiliary power supply of each of the boost
LFR cells. Then, there is an isolated dc-dc converter following one of the isolated ac-dc
au responsible for supplying the control circuitry included in the central control unit.

As regards the current regulator, which is also included in the central control unit, it
generates the control action, v,, for all the boost LFR cells. This signal is isolated before
sending it to any of the aforementioned LFR cells.

Moreover, the central control unit receives the five aforementioned signals from each
of the PFC boost converters. As a reminder, for the start-up of the Delco ac-dc LED driver
based on a two-stage solution for each cell, the first condition, in order to enable all the
PFC boost converters at the same time, requires for the voltage on all three bus capacitors
(i.e., Cr, Cs and Cr) to reach its maximum value, which depends on the maximum peak
voltage of the three-phase power grid [B.2]. This is implemented by comparing the value
of vosn received from each of the PFC boost converters with a voltage reference V.. Once
VosN Surpasses Vrer, the output voltage of the comparator will take a high value. This
information is then isolated and sent to an SR latch with the help of an optocoupler
polarized adequately. The task performed by the SR latch is keeping the signal received
from the comparator at a high level, in order to avoid deactivations caused by noise. The
SR latches will only be restarted whenever the driver needs be rearmed after an error has
been detected. In this case the signal v, will be set to a high value. The Q signals from
each of the three SR latches meet in an AND logic gate, that is used to determine when
all of the Q signals have reached a high value. The output of this AND logic gate, Vstar, iS
then isolated and sent to each of the PFC boost converters in order to enable or disable
them, depending on its value.

Once all PFC boost converters are enabled, the next step in the start-up procedure is
enabling the isolated dc-dc converters, however, this cannot be done immediately and the
voltage on the bus capacitor is required to reach a 90% of the nominal voltage on the bus
capacitors. Unlike the previous scenario when all three PFC boost converters needed to
be started at the same time, in this step the isolated dc-dc converters will be started
whenever the aforementioned condition is reached on each bus. Therefore, the start-up
procedure can be performed individually and the control circuitry can be included within
the isolated dc-dc converter, see Fig. B.3.

The condition on the required bus voltage is met with the help of a comparator
followed by a SR latch in a similar fashion to which was developed for the central control
unit. Particularly, the isolated dc-dc converter based on the BCM384F480T325A00 from
VICOR [2.47] can be enabled or disabled by setting the PC pin to high or low,
respectively. It should be noted, that in case of a reset or malfunction the signal vies will
be put to high level, to disable the isolated dc-dc converter.
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Fig. B.3. Control circuitry for the isolated dc-dc converter of the cell, based on the BCM384F480T325A400.

Another important feature that the isolated dc-dc converter needs to achieve is an
adequate soft-start. In the aim of reducing the electrolytic capacitor of the cell, the hold-up
time decreases dramatically, meaning that if the isolated dc-dc converter is enabled
instantly at full load without care, the bus voltage can plummet almost instantly causing
the ac-dc LED driver to misbehave. This means that the voltage drop causes the UCC3817
to stop operating as the voltage on PIN 10 can go below 1.9 V, requiring to restart the
start-up of the ac-dc LED driver.

B.2 Control circuitry for the multi-cell ac-dc LED driver based on
summing the light output of each phase

Along Section 2.4, two different control techniques were proposed for the multi-cell
ac-dc LED driver based on summing the light output of each phase. The one used for the
experimental results summarized in Section 2.7, was the conventional technique based on
having an independent current loop per PFC boost converter. However, similar this
control may be compared to the previous subsection of this appendix, it still required
some changes to both the PFC boost converter, the central control unit and the start-up
methodology.

In this particular case, the PFC boost converter needs to include the CR in order to
regulate the average current across the LED load. Even though, the internal operational
amplifier of the UCC3817 can be used for this task, it is avoided due to the complications
introduced by the internal voltage reference of the IC. Therefore, an external circuitry is
used for the CR as can be seen in Fig. B.4, and the output of CR, v., will be sent to the IC
similarly to the previous scenario.

As regards the start-up procedure, in this particular case all PFC boost converters are
required to reach the maximum attainable voltage when disabled on their output
capacitances. After this condition is reached, all of them will be enabled. In summary, the
extra conditions required for the isolated dc-dc converter are removed with said power
stage.
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Fig. B.4. Control circuitry of the boost PFC converter used as the cell of the multi-cell ac-dc LED driver
based on summing the light output of each phase with the conventional current loop regulator.

Keeping this start-up procedure in mind, Fig. B.5, shows the detailed control circuitry
included in the central control unit. As can be seen, the proposed circuitry is exactly the
same as in the two-stage Delco ac-dc LED driver, but for the output current feedback
loop, that in this case is replaced with the current reference used to attain dimming
conditions in all three PFC boost converters at the same time.

For the other proposed control methodology based on measuring the light output at a
fixed distance, the PFC boost converter cell will be the same in terms of blocks, as the
one depicted in Fig. B.1. The singularities in this particular case come from the central
control unit, as instead of having a control current loop like Fig. B.2, it receives with the
help of a wireless connection the information of v, from the control circuitry depicted in
Fig. B.6. Nonetheless, the rest of the control circuitry is the same as the one depicted in
the aforementioned figure, and the start-up will follow the same principle.

Fig. B.6 shows the transimpedance amplifier used to convert the measured light into
avoltage level that is then compared to a reference before going through the LR to control
the light output of the LED driver. This circuit is rather simple and reliable, the only
problem comes from the requirement of being positioned at a fixed distance without
power supplies in reach. The use of batteries with solar panels or harvesting techniques
can be evaluated in conjunction with a very low consumption module in order to simplify
reduce the cost and increase the viability of this solution.
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Fig. B.5. Detailed control circuitry of the central control unit for the multi-cell ac-dc LED driver based on
summing the light output of each phase with the conventional current loop regulator. (a) Auxiliary power
supplies. (b) Current reference. (c) Start-up circuitry.
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Fig. B.6. Control circuitry to measure the light output of the multi-cell ac-dc LED driver based on summing
the light output of each phase.
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Mathematical analysis of the
Z.CS-QRC AC-LED drivers

The objective of Appendix C is detailing the steps to obtain the mathematical
expressions developed to model both ZCS-QRC AC-LED drivers, which were discussed
in Chapter 4.

C.1 Mathematical analysis of the DL//S ZCS-QRC AC-LED driver

C.1.1 Linear stage

The state equations that define the linear stage are,

el

ve, O=io(Onr gptnVy gp, (C.1)

dip (t
L

with the next initial conditions: i(0) = iin, i+(0) = 0 and vc(0) = vo.

iin :iLr (t) +Cr

The first step is applying the Laplace transform to (4.3), yielding,

iy (O +C 576, (0, (00) (o), €2)

. nV, 1gp
ve, (8)=io (S)nrpp+ ———, (C.3)

and,

Lisip (s)=vc,(s). (C4)
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The aim is solving first for iL«(s), however, some previous steps are required. Thus,
solving (C.3) into (C.2), gives,

i, . nV, rep
iy (G (sve, (0-ve, ) o (v, (9-—52). (€3)
and, then substituting (C.4) into (C.5), yields,
iin nV.
< =it (G (LI, (9)-ve, () — (LrsiLr(s)— Y;LED). (C.6)
At this point it is possible to solve for ir«(s) obtaining,
1 LED
L = + At C.7
O (25 ) i O o 7
In order to simplify the analysis (C.7) can also be rewritten as,
1 V
o (P20 )it O (i S22 1, 0 )
2 ILED !
where
1 C.9
Oy~ —F/— , .
TC (C9)
and,

L LY (C.10)
2rpp L G

From (C.8) it is now possible to attain i (t) by performing the inverse Laplace
transform. In this particular case, the inverse Laplace transform can be performed to the
two different terms that appear in the equation applying the linear property of this
transformation. Therefore,

iLr (t):L-l J !

(i» + HVY*LED) +
n nr
Ls (# (s2+2§mns+ é)) LED J
n n (C.11)
1) Gve©
L (52+2§c0 s+ L) ’
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Fortunately, these are well-known transformations,
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and,

- 1 —_ ! -at -bt
L ! {W}*E 1-5 (be -aeb)] ) (Cl3)

where for the particular case of (C.11), a and b are,

a= (§+ /§2-1> O, (C.14)

and,
b= (g- :32-1> o (C.15)
For that matter, applying (C.12) and (C.13) to (C.11), yields,
0 .V
i, (0= 1200+ (it 22 (0, (€16
where,
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20, [E-1
and,
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After having obtained i((t), it is just a matter of differentiating its expression to obtain
ver(t) as,

ve (0L, (im+ HV“ED) a(0)+v,b(1), (C.19)
LED
where,
b(t)= 2\/;;_1 |:<§+\/a) e-<§+‘/§2_-1>mnt- (é- §2-1> e-<§- gz.1>mntl . (C.20)

Finally, the expression that defines the output current can be obtained by substituting
(C.19) into (4.3), yielding,

(Lr (im+ nzyﬂ) a(t)+v0b(t)-nVLLED) . (C.21)

I'LED
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NI gp
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C.1.2 Resonant stage

The initial conditions for this stage are defined by: ve(ti) = nV, 1ep and iL(t1) defined
at the end of the linear stage. In addition its state equations are defined as,

dip (t

L0

aelo (C.22)
Cr T =lip-1L, (t)

Following the same reasoning, the first step is applying the Laplace transform to
(C.22), yielding,

L, (sig, (8)-i, (t)))=vc, (5), (C.23)
and,
C,(sve,(8)-ve, (t))= % -i (s). (C.24)

Now, substituting (C.23) into (C.24), gives,

. . iin .
Cr(SLr(SlL, (S)'lLr(tl))'VC,(tl)):?'lLr (). (C.25)
Subsequently, solving for ir«(s), yields,
iin .
(CrLrs2+1)iLr(s):;+sCrLr1Lr(t1)+CrVCr(t1). (C.26)

To (C.26) the inverse Laplace transform can be applied, again, considering its linear
property,

iy O sig (t) ve,(t)

i (D=L {—} s { , }wl { , } . (C.27)
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These are also well-known transformations, that are defined by,
r 1 1

L {m}—m—% (1- cos(m,t)), (C.28)
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(s*+w?) e (€29)

and,

(‘01’1 .
L! {m} =sin(o,t), (C.30)
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Applying the introduced inverse Laplace transformations (i.e., (C.28), (C.29) and
(C.30)) to (C.206), gives,

nV.
ZYLED sin(o,t) +(ir, (t;)-ij, )cos(@,1). (C.31)

n

iLr (t) :iin+

Once iL(t) expression is obtained, by differentiating in accordance to (C.22), ve(t)
can be obtained as,

ve, (D=nV, cos(o,t)-Z, (iLr (t, )—im) sin(o,t). (C.32)

YLED

C.1.3 Lighting stage

The delay stage will be overlooked considering its analysis is rather simple, as the
equivalent circuit is defined by a capacitance. Then, the initial conditions for the lighting
stage can be defined by: io(t3) = 0 and vc(t3) = nVy_Lep. In addition its state equations are
defined as,

dVCr (t)
dt . (C33)
ve, (O=i(OnreptnVy rep

iin:io (t) +Cr

This last stage can be analyzed by performing the Laplace transformation on (C.33),
yielding,

iin .
< Tl (FCi(sve, (9)-ve, (13)), (C.34)
and,
nV
Ve, ()= (gt —= (C.35)

Solving (C.35) into (C.34), gives,

1; nV
fzio(s)+cr (s (io(s)anED+ Y;LED) —Vcr(t3)> . (C.36)
Afterwards, solving for i(s), gives,
i .
? +Cr (Vcr (t3)-nVY7LED):10 (S) (1 +SCranED) . (C37)

Then, applying the inverse Laplace transform, considering the linear property,

io(s):L-l { iin }‘i‘L-l {Cr(vcr(t_’))'nVYLED)} . (C38)

S ( 1 +ScranED) (1 +ScranED)

These expressions are also well-know and can the inverse Laplace transform can be
easily applied,
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for this particular scenario.

Subsequently, taking into account the aforementioned inverse Laplace transforms,
io(t) can be obtained as,

1
i, (D=ii, (1-e' anEDCrt> , (C.42)

Consequently, substituting (C.42) into (C.33), gives,

1
v, (D=iianr pp ( l-e anEDCrt> +nV, 1Ep, (C43)

ending the mathematical analysis.
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C.2 Mathematical analysis of the DL//L. ZCS-QRC AC-LED driver

C.2.1 Linear stage
The state equations that define the linear stage are,

dve () o
dt = lin (t)+1L'10(t)
ve, =i, (Onregp+nV,y gp . (C.44)

| di;, (t)
k Lr dt :Vin+VCr (t)

C

with the next initial conditions: i,(0) = iin, i(0) = 0 and vc(0) = Vo.

The analysis carried out below is exactly the same one carried out for the DL//S
ZCS-QRC AC-LED driver, and it starts by applying the Laplace transformation to (C.44),
obtaining,

C(5¥e (Ve (0) =i () -ig(9), (C45)
V.
vCr(S):io(S)anED+ny%, (C.46)
and,
L5 (0)= 2+, (9). (C.47)

Solving (C.46) into (C.45), yields,

. iL 1 nV LED
C,(sve,(8)-ve, (0)) =iy (8)+ P—— (Vc, (- %) , (C.48)
then, solving (C.47) into (C.48), gives,
) Vi ) i
€ (PLidin(s) Ve, (0)) =i ()7
(C.49)

Vin nVnyED)
s s ’

1
(L5

NI gp

At this point, it is possible to solve for iin(s) in (C.49), obtaining,

s+ .
M+C v (0)_1_1‘_% (C.50)
S TS iy pps

L, .
(LrCrS2+ S+1) Lin (S):
NI gp

which can be rewritten as,
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iin (S):

G (Vin+VCr(0)) . (HVnyED'Vin y )1 o2
) 01y gEp

o <s2+2§(ons+ é s (52+2E_,c0ns+

n

1 ) (C.51)

o3
considering m, and & relationships with L, C; and riep, as stated in (C.9) and (C.10).

Subsequently, iix(t) can be obtained by applying the inverse Laplace transform taking
into account its linear property. Thus, applying (C.12) and (C.13) to,

Cr (Vin—i_VCr (O))

o (s2+2§cons+ é)

n n

iin (t):L_l +

(C.52)

s (s2+2§cons+ é)

n

nV, LEp-Vi 1 o2
L_l ( y_LED™Vin +iL> n

L81895)))

yields,

) v. +V . nV -V;
iin (== °a(t)-(1L+%) c(®). (C.53)
T

From iix(t), vee(t) can be obtained by differentiation in accordance to (C.44) as,

nv, o -vi
ve, (D=vin L, (IL+ ¢> a()-(Vin TV, )b(O). (C.54)
NI gp

Finally, vci(t) can be used to attain io(t) as,

. 1 HVY “Vin
1o (t): @ (Vin+Lr (IL+ ﬁ) a(t) - (Vin +V0)b(t) 'nVyLED> > (C 5 5)

being a(t), b(t) and c(t) defined by (C.17), (C.20) and (C.18), respectively.

C.2.2 Resonant stage

The initial conditions for this stage are defined by: vcr(ti) = nVy Lep and in«(t1) defined
at the end of the linear stage. In addition its state equations are defined as,

dijy (t)
L T :Vin+VCr (t)
dve(® (€:36)
Cr dt :lL'lin(t)

Following the same reasoning, the first step is applying the Laplace transform to
(C.56), yielding,

Vin
Lr(Siin (S)'iLr(tl)):?—i_VCr (S)a (C57)
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