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Resumo 
As fontes de luz artificial desempenham um papel indispensável no quotidiano de qualquer 

ser humano na sociedade moderna. No entanto tem-se verificado uma tendência crescente pela 

procura de sistemas de iluminação mais flexíveis, versáteis e facilmente controláveis. Para além 

disso, a procura mundial de energia elétrica, está a aumentar a um ritmo elevadíssimo, devido não 

só ao aumento da população, mas também à necessidade de um maior nível de conforto que resulta, 

por exemplo, na existência de habitações cada vez maiores, novos serviços como a internet ou 

equipamentos móveis que proporcionam lazer, etc. 

 Desta forma, as medidas que visam promover a eficiência energética desempenham um papel 

vital, por permitir mitigar as alterações climáticas, e por garantir a sustentabilidade dos recursos 

de energia, já que na maioria dos casos estão associadas a um vasto leque de fatores como a 

redução significativa de custos monetário, redução das emissões de CO2 associadas, e aumento da 

segurança e fiabilidade dos próprios sistemas de energia elétrica. Outro fator preponderante, que 

abre a porta para novos tipos de iluminação, mais eficientes e com uma vida útil muito superior 

como a iluminação LED, é o processo gradual que visa banir do mercado as lâmpadas 

incandescentes, e que entrou em vigor um pouco por todo mundo, e particularmente em 2009 na 

União Europeia. De igual forma, relativamente a lâmpada de halogéneo, está previsto o mesmo 

processo, a partir de 2020.  

Durante a última década tem-se assistido ao aumento com um ritmo surpreendente do 

desempenho dos LEDs, nomeadamente no que toca à fiabilidade, eficiência, eficácia luminosa e 

qualidade de luz. No entanto, visto que é uma tecnologia relativamente recente, torna-se 

imprescindível continuar a apostar e investir na sua pesquisa e desenvolvimento para as lâmpadas 

LED tirem o máximo proveito possível do aumento da desempenho e eficácia luminosa que os 

LEDs apresentam hoje em dia.  

Em suma, a necessidade da regulação de fluxo luminoso, aliada com a necessidade de 

sistemas de iluminação mais eficientes e flexíveis com os benefícios da tecnologia de iluminação 

LED, requer, inevitavelmente, um driver adequado e fiável, com alto desempenho e de baixo custo. 

Desta forma, o trabalho desenvolvido nesta dissertação incidiu no estudo e desenvolvimento de 

um novo driver de baixo custo para alimentar lâmpadas LED, e a implementação de uma nova 

técnica de regulação de fluxo luminoso – dimming que vise aumentar a poupança energética. 

 

 

 



A estrutura desta dissertação é brevemente apresentada a seguir: no capítulo 1 são 

explicados os objetivos principais deste trabalho bem como a sua motivação. Em seguida é dado 

uma pequena introdução sobre iluminação moderna. O capítulo 2 inicia-se com uma breve 

introdução à iluminação LED é posteriormente é apresentada uma breve descrição dos 

mecanismos mais utilizados para gerar luz branca com LEDs. De seguida, são introduzidos alguns 

dos protocolos de comunicação mais vulgarmente utilizados em iluminação. Para finalizar este 

capítulo, é feita a introdução de drivers para LEDs, onde são apresentados os métodos de regulação 

de fluxo luminoso e métodos para equalização de corrente em lâmpadas LED multiarray. Na parte 

final deste capítulo são ainda apresentados algumas técnicas de modelação de LEDs. No capítulo 

3 é introduzido o conceito de indutância variável e o seu princípio de operação. No capítulo 4 é 

apresentado o conversor ressonante de condensadores e sua operação é analisada. No capítulo 5, 

é analisado o modelo de simulação desenvolvido para simular tanto o conversor como a indutância 

variável e alguns dos resultados obtidos com a simulação. Finalmente, no capítulo 6, são 

introduzidas as principais diretrizes e os resultados obtidos com a implementação prática. O 

trabalho descrito neste capítulo visa validar toda a análise teórica e de simulação.  

Palavras-chave: iluminação, eficiência energética, lâmpadas LED, eficácia luminosa, driver de 

LEDs, dimming. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

  

 



 

 

 

 

 

  

 

 



Abstract 
Artificial light sources play an indispensable role in daily life of any human being in actual 

and modern society. However, current trends vacillate for more efficient, flexible, versatile and 

controllable lighting systems. Moreover, world’s energy demand is rapidly increasing, not only 

due to the increase of population, but also to a higher degree of basic comfort and level of 

amenities:  larger homes, new services and new appliances and equipment, etc.  

Thereby, energy-efficiency measures play a vital role in achieving a sustainable energy 

future and socio-economic development while mitigating climate changes, ever since, in most of 

cases, they are highly cost-effective, feature CO2 emission reduction, and offer a worthy 

opportunity to increase security and reliability of energy supplies. Furthermore, the worldwide 

gradual phase-out of incandescent lamps (incandescent lamp ban policy), which started in the EU 

in 2009, and the future halogen lamp ban foreseen to 2020, opens the door for high-efficiency and 

long-life light sources such as LED lamps.  

For the last decade, LED efficacy, reliability and light quality have been constantly 

increasing with an amazing pace. However, because it is a very recent technology it is mandatory 

to increase research efforts and investment so that the efficacy of LED lamps takes advantage of 

the increase in luminous efficacy that LEDs feature nowadays.  

In summary, the highly needed dimming features, allied with the necessity for more 

efficient and flexible lighting systems, and with the benefits of LED lighting technology, leads to 

the inevitable requirement of a proper, high performance and cost-effective LED lamp 

driving/control system. Therefore, the work developed on this dissertation is focused on the 

research of a new and cost-effective LED lamp driver, and a new dimming technique which could 

potentially increase energy savings.   

The structure of the dissertation is briefly presented below: 

In Section Erro! A origem da referência não foi encontrada., the motivation and main goals 

for this work are listed and briefly explained. Afterwards, a brief introduction to this work is given. 

In Section 2, firstly LED lighting is briefly introduced, and then Light-Emitting Diodes (LEDs) 

are presented with a brief description of the mechanisms available to generate white light.  Then, 

the most commonly employed communication protocols are introduced. And finally, LED drivers 

are introduced, where dimming and current sharing methods are covered prior to introducing LED 

modelling techniques. In Section 3, the concept of variable inductor, main operation principle and 

features are introduced. In Section 4, the resonant switched-capacitor converter is introduced and 

 



its operation is analysed. In Section 5, the full simulation model of both the converter and the 

variable inductor as a first step to validate theoretical statements is described. Afterwards, 

simulation results are shown. In Section 6, are introduced the main guidelines and results obtained 

regarding practical implementation, its retrieved results and their comparison with simulation 

results to validate the effectiveness and the efficiency of variable inductor control, and the resonant 

switched-capacitor converter topology. 

 

Keywords: Lighting, energy-efficiency, LED lamps, luminous efficacy, LED driver, dimming. 
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𝑳𝑳𝒅𝒅𝒂𝒂 Inductance of the bias winding of the variable inductor [H] 

xviii 
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𝑷𝑷𝒇𝒇𝒏𝒏𝒎𝒎𝒗𝒗𝒈𝒈 LED driver input power [W] – average value 
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𝓡𝓡 Global reluctance of the magnetic circuit as seen from the VI’s main winding 

[A/Wb] 
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𝑹𝑹𝒇𝒇 Equivalent resistance of the LED in its piecewise linear model [Ω] 

𝑹𝑹𝑮𝑮𝒏𝒏 Mosfet n gate driving resistor [Ω] 

𝑹𝑹𝑳𝑳𝑬𝑬𝑫𝑫𝒔𝒔 LED string static equivalent resistance at a given operating point [Ω] 

𝑹𝑹𝑳𝑳𝒇𝒇 IC supply current limiting resistor [Ω] 

𝑹𝑹𝒓𝒓𝒔𝒔 IC Oscillator timing resistor [Ω] 

𝒔𝒔−𝟏𝟏 Laplace Integrator 

𝒅𝒅 Wire cross section [m2] 

𝐭𝐭𝐭𝐭𝐭𝐭𝜶𝜶 Tangent at the LED operating point in the I-V curve [1/Ω] 

𝑻𝑻𝒔𝒔 Switching period [s] 

𝒗𝒗𝑪𝑪 Voltage on the capacitor of the integrator circuit [V] – instantaneous value 

𝒗𝒗𝑪𝑪_𝒑𝒑𝒑𝒑 Voltage on the capacitor of the integrator circuit [V] – peak to peak value 

𝑽𝑽𝒂𝒂𝒂𝒂 Supply voltage pin of the IC which drives the Mosfets 
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𝒗𝒗𝑪𝑪𝒓𝒓(𝒔𝒔) Resonant capacitor voltage [V]- time varying 

𝒗𝒗𝑪𝑪𝒓𝒓𝒏𝒏 Resonant capacitor voltage during stage n [V] – instantaneous value 

𝒗𝒗𝑪𝑪𝒓𝒓𝒏𝒏(𝒔𝒔) Resonant capacitor voltage during stage n [V] – time varying 

𝑽𝑽𝑪𝑪𝒓𝒓 Resonant capacitor voltage [V] 

𝑽𝑽𝑪𝑪𝒓𝒓_𝒎𝒎𝒗𝒗𝒈𝒈,𝑽𝑽𝑪𝑪𝒓𝒓 Resonant capacitor voltage [V] – average value 

𝑽𝑽𝑪𝑪𝒓𝒓_𝒎𝒎𝒇𝒇𝒏𝒏 Minimum resonant capacitor voltage [V] 

𝑽𝑽𝑪𝑪𝒓𝒓_𝒎𝒎𝒎𝒎𝒎𝒎 Maximum resonant capacitor voltage [V] 

𝑽𝑽𝑪𝑪𝒓𝒓𝟑𝟑,𝟒𝟒 Resonant capacitor voltage during stages 3 and 4 [V] - – average value 

𝑽𝑽𝑫𝑫𝒅𝒅𝒏𝒏 Mosfet n drain-source voltage [V] 

𝑽𝑽𝒇𝒇 LED forward Voltage [V] – average value 

𝑽𝑽𝑭𝑭𝒏𝒏 Threshold voltage n of the LED piecewise linear model [V] – average value 

𝒗𝒗𝒇𝒇(𝒔𝒔) Inductive voltage [V] – time varying 

𝑽𝑽𝒇𝒇𝒏𝒏 Converter input voltage [V] – average value 

𝑽𝑽𝑳𝑳𝑬𝑬𝑫𝑫𝒔𝒔𝒏𝒏𝒎𝒎𝒗𝒗𝒈𝒈 LED string n voltage  [V] – average value 

𝑽𝑽𝑳𝑳𝑬𝑬𝑫𝑫 LED forward voltage in the linear equivalent model [V] 

𝑽𝑽𝑳𝑳𝑬𝑬𝑫𝑫𝒔𝒔 LED string voltage  [V] 

𝑽𝑽𝑳𝑳𝑬𝑬𝑫𝑫𝒔𝒔_𝒎𝒎𝒗𝒗𝒈𝒈, 𝑽𝑽𝑳𝑳𝑬𝑬𝑫𝑫𝒔𝒔 LED string voltage [V] – average value 

𝑽𝑽𝑳𝑳𝒓𝒓 Resonant inductor voltage [V] 

𝒗𝒗𝑳𝑳𝑬𝑬𝑫𝑫𝒔𝒔 LED string voltage  [V] – instantaneous value 

𝒗𝒗𝑳𝑳𝒏𝒏 Resonant inductor voltage for the stage n [V] – instantaneous value 

𝒗𝒗𝑳𝑳𝒏𝒏(𝒔𝒔) Resonant inductor voltage for the stage n [V] – time varying 

𝑽𝑽𝒐𝒐𝒔𝒔𝒔𝒔𝒇𝒇𝒅𝒅𝒆𝒆𝒎𝒎𝒔𝒔 Ideal output voltage of a step-up switched-capacitor converter [V] – 

average value 

𝑽𝑽𝜸𝜸 LED threshold voltage in the linear equivalent model [V] 

𝑿𝑿𝒂𝒂 Reactance of the capacitor of the integrator circuit [Ω] 

𝑾𝑾𝒎𝒎 Core window area [m2] 

𝒁𝒁𝒂𝒂 Resonant tank characteristic impedance [Ω] 

𝒁𝒁𝒓𝒓 Resonant tank impedance [Ω] 

𝜹𝜹 Current density [A/m2] 

∆𝑩𝑩 Magnetic flux density swing [T] 

∆ 𝑰𝑰𝒇𝒇 LED forward current swing in the linear equivalent model [A] 

∆ 𝑽𝑽𝑪𝑪𝒓𝒓 Resonant capacitor voltage ripple  [V] 

∆ 𝑽𝑽𝑳𝑳𝑬𝑬𝑫𝑫 LED forward voltage swing in the linear equivalent model [A] 
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∆𝒔𝒔𝒏𝒏 Time interval lasting during stage n [s] 

𝜺𝜺 Error in the linear equivalent model approximation to the real I-V curve 

𝜼𝜼 Efficiency [%] 

𝝁𝝁 Permeability [H/m] 

𝝁𝝁𝟎𝟎 Air magnetic permeability ≈ vacuum magnetic permeability [H/m] 

𝝁𝝁𝑩𝑩𝒔𝒔𝒎𝒎𝒔𝒔 Permeability of the core of the variable inductor for maximum control 

current and zero current in the main winding [T] 

𝝁𝝁𝒓𝒓 Relative permeability  [H/m] 

𝝓𝝓 Magnetic flux [Wb] 

𝝓𝝓𝒎𝒎𝒂𝒂 Magnetic flux produced by the main winding of the variable inductor [Wb] 

𝝓𝝓𝒎𝒎𝒂𝒂,𝒑𝒑𝒑𝒑 Magnetic flux produced by the main winding of the variable inductor [Wb] 

– peak-to-peak value 

𝝓𝝓𝒅𝒅𝒂𝒂 Magnetic flux produced by the bias winding of the variable inductor [Wb] 

𝝓𝝓𝒗𝒗 Luminous flux [lm] 

𝜳𝜳(𝒔𝒔) Linkage flux [Wb] 

𝜳𝜳𝒎𝒎𝒂𝒂 Linkage flux produced by the main winding of the variable inductor [Wb] 

𝜳𝜳𝒎𝒎𝒂𝒂,𝒑𝒑𝒑𝒑 Linkage flux produced by the main winding of the variable inductor [Wb] – 

peak-to-peak value 

𝝎𝝎 Switching angular frequency [rad/s] 

𝝎𝝎𝒐𝒐 Resonant angular frequency [rad/s] 
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Glossary  

Binning Methodical process of segregating LEDs according to a set of standard 

determined and/or measured parameters [19] 

Blackbody or 

Planckian 

Radiator 

“Ideal thermal radiator that absorbs completely all incident radiation, 

whatever the wavelength, the direction of incidence of the polarization; a 

blackbody has, for any wavelength and any direction, the maximum spectral 

concentration of radiance for a thermal radiator in thermal equilibrium at 

a given temperature” [9]  

CIE Diagram Also known as ‘CIE colour space’, is a diagram that does a ‘quantitative’ 

link between physical colours in the electromagnetic visible spectrum and 

physiological colours perceived by the human eye [20]. Generally this 

diagram is divided into x, y coordinates. 

Colour Rendering 

Index (CRI) 

Also known as Colour Rendition Index, is a measure of the ability of a light 

source to show object colours realistically or naturally compared to a 

reference source, typically sunlight or incandescent lamp light, or by 

another words, the ability to reproduce colours of an object faithful as seen 

under an ideal white-light source (or Blackbody) such as sun light. The CRI 

values are typically comprised between 0 and 100 [9] and the higher the 

value, the better the degree of the colour’s reproduction of any object. The 

CRI is predominantly used in lighting industry and may be found in most of 

commercial lamps packaging, thus, in terms of light quality evaluation it can 

be used as follows [10]: 

 Poor, CRI < 60 

 Good, 60 < CRI < 80 

 Very Good, 80 < CRI <90 

 Excellent, 90 < CRI < 100 

Colour 

Temperature 

Parameter which is defined as the temperature of a Blackbody that emits 

radiation of the same chromaticity of the light source within the visible 

spectrum. Or by another words, any light source whose chromaticity 

coordinates fall directly on the Blackbody curve (or Planckian locus) has 

a colour temperature equal to the Blackbody temperature with those 

coordinates. Colour Temperature is usually expressed in Kelvin [K] and it 
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is a notion which is typically used to characterize incandescent lamps or 

the sun for the reason that they possess characteristics to consider them a 

Blackbody, namely their quasi-Blackbody spectrum throughout the visible 

spectrum region [16]. 

Correlated Colour 

Temperature 

Temperature of the Blackbody source which is the closest to the chromaticity 

of the light source in the colour space, usually expressed in Kelvin [K]. It is 

a concept used to characterize light sources which do not have chromaticity 

coordinates that fall exactly on the Planckian locus but do lie near it [2], 

such as fluorescent lamps, LED lamps, along with others (all lamp types 

with exception of incandescent). It is also an essential metric used in general 

lighting industry to specify the perceived colour of such light sources and, 

of course, according to European and US norms it is a parameter which is 

obligatorily present in every certified manufacturer’s lamp packaging. For 

instance, according to the norm DIN 5035, this metric classify light sources 

into three different types [10]: 

 
Dichromatic 

Source 

Optical device which generates light with two particular wavelengths 

Dimming Regulation of the Luminous Flux level 

Illuminance Total luminous flux incident on a surface per unit area. In SI derived units 

illuminance is expressed in [lux] (lx) which is equivalent to lumens per 

square meter (𝑙𝑙𝑚𝑚/𝑚𝑚2)  [11]; Recommended illuminance levels are tabled 

according to the visual needs, for a specific task and/or place, in European 

norms such as EN 12464 (2002), DIN 5035 (1990) and ISO 8995 (2002). 

LCR Meter Equipment used to measure inductance, capacitance and resistance 

Life Span Period of time elapsed corresponding to the lumen maintenance concept: 

“period of time until a light source does not satisfy the operation 

requirements, typically a 70% lumen maintenance of its rated lumen output” 

for LED lamps – L70 [2].  

Light-to-light 

system 

System whose aim is to directly convert sun light into artificial light 
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Lumen “Luminous Flux emitted in unit solid angle (steradian) by a uniform point 

source having a Luminous Intensity of 1 cd ” or equivalently “luminous flux 

of a beam of monochromatic radiation whose frequency is 12540*10 Hz and 

whose radiant flux is 1/683 W” [12] 

Lumen 

Maintenance 

Luminous flux output remaining at any selected elapsed operating time, 

generally expressed as percentage of the initial luminous flux output [17]. 

This metric is simply used to compare the amount of light produced from a 

light source or luminaire when it is brand new to the amount of light output 

at a specific time in the future [18]. Generally, in LED light industry, tests 

to determine lumen maintenance are realized under the standard ISE LM-

80-2008 [17] and the most common lumen maintenance factor employed is 

the L70, which stands for a 70% luminous flux output remaining after a 

determined operating time. 

Luminous 

Efficacy 

“Quotient of the luminous flux emitted by the power consumed by the 

source” [9], expressed in [lm/W].  This parameter, and given its importance, 

is a measure of the efficiency which a light source provides visible light from 

electric power or, by another words, the ability of a light source to produce 

a visual sensation in the human eye [13]. 

Luminous Flux  “Quantity derived from Radiant Flux by evaluating the radiation according 

to its action upon the CIE 084-1989 standard photometric observer” [14], 

expressed in lumen [lm]. Or, by another words, it is the measure of the 

useful/perceived power emitted by a light source per second [10] and it is 

correlated to the differing sensitivity of the human eye to light with different 

wavelengths [15]. It is typically measured in Lumen [lm], SI unit and it is a 

parameter given on the packaging of most commercial light lamps. 

Luminous 

Intensity 

“Quotient of the luminous flux, leaving the source and propagated in the 

element of solid angle, containing the given direction, by the element of solid 

angle” [9], expressed in candela [cd]. 

Pentachromatic 

Source 

Optical device which generates light with five particular wavelengths 

Piecewise Linear 

Modelling 

Modelling method which consists on breaking down a complex signal/curve 

behaviour into several linear segments (or discrete data sets). 

Radiant Flux “Power emitted, transmitted or received in the form of radiation [W]” [9] 
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Tetrachromatic 

Source 

Optical device which generates light with four particular wavelengths 

Thermal radiation “Emission of electromagnetic radiation due to the thermal motion of 

electrons caused by the material temperature”[9]  

Trichromatic 

Source 

Optical device which generates light with three particular wavelengths, i.e. 

red, green and blue (RGB) light  
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1 Motivation and Main Objectives 

The work developed during this dissertation resides on the pursuit of three main objectives:  

 The main one: to design a 48 V DC-supplied LED driver based on a magnetic-control 

technique - the variable inductor. With this technique the driver will be capable to perform 

luminous flux regulation (dimming) on a 44 W LED lamp as shown in Fig. 1.1.  

 

48 V 
DC 

Mains

Resonant 
Switched 
Capacitor 

Converter with 
Variable Inductor

100 kHz

B1 B2

44 W LED Lamp

Dimming ≈ 30% - 100%  
Fig.  1 .1  -  Proposed DC-Supplied Single Stage Topology 

 The second goal: implement a 100 kHz LED driver based on a resonant switched-capacitor 

converter, to supply the LED lamp (formed by two strings of 20 LEDs each) and perform 

dimming in a range of ≈ 30% to 100%, by means of variable inductance control, imposed by 

the limits of current given by the manufacturer ( 0.1 A to 0.35 A). 

 

 Finally, the third goal: to investigate the proposed variable inductor control technique to 

perform current sharing (also known as current equalization) on a multi-array (strings) based 

LED lamps. 

The main factors that motivated the work efforts to accomplish the previous objectives is 

the fact that so far, there are not any commercially available LED systems based on resonant-

switched capacitor converters neither LED lamps controlled via the variable inductor technique. 

Moreover, in literature it was not found any proposal of this specific converter topology for LED 

driving purposes. Therefore, the present converter topology proposed, together with variable 

inductor control, shall be considered a new and consequently innovative technique. It features high 

potential for further investigation and development, due, not only to its novelty, but also to its 

inherent low power losses (might even be negligible when compared to the whole system power 

handled).    
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1.1 Introduction 

Current trends vacillate for more efficient, flexible, versatile and controllable lighting 

systems. The world’s energy demand is rapidly increasing, thus, taking a look on a few recent 

lighting statistics is therefore rather interesting and important:  

• Lighting in Portugal accounts for 13,6% of the total electric energy consumption in the 

domestic sector [1] 

• In Spain 25% of electric energy is assumed to be consumed by lighting appliances [2] 

• In the USA, lighting accounts for 17% of the total electric energy consumed in residential 

and commercial sector [3] 

• Lighting represents around 20% of global electric energy consumption [4-7] and 14% in 

the EU [4] 

• Worldwide, is estimated that lighting accounts for 35% of the whole energy consumption 

in offices [8] 

These stats, allied with an increasing global awareness of environmental protection and energy 

conservation, has brought the rise of energy-efficient lighting solutions for the past few years, such 

has smart lamps, smart meters and mobile equipment (i.e. smartphones), and communication 

protocols, which allow households to be a key part of smart grids, and provide energy savings 

through the use of indispensable features such as dimming.  

LED technology has advanced at a remarkable pace in recent years and it has proven to be 

a viable alternative to conventional light sources with ongoing improvements in their features. 

However, most of the residential lighting systems use so far non-efficient incandescent, halogen 

and fluorescent technologies. In addition, natural sunlight is, frequently, not properly used to 

complement artificial light, resulting in excessive illumination during daylight hours. Furthermore, 

lighting systems quite often remain switched on unintentionally, even when nobody is in a 

particular place, which leads to severe energy inefficiencies. Consequently, lighting systems 

should be, obligatorily, able to perform dimming of artificial light, for instance based on light 

sensor information. This is one of the most promising research fields: the development of smart 

dimming techniques for light usage by means of luminous flux control, to ensure that the 

illumination levels correspond to the actual needs in any kind of application. 

Clearly, with new energy efficiency regulations becoming more demanding and tighter, it 

becomes mandatory to increase research efforts and investment so that the efficacy of LED lamps 

takes advantage of the increase in luminous efficacy that LEDs feature nowadays. In fact, the 

luminous efficacy of LEDs has already broken the 300 lm/W barrier [9] which raises them as the 

most efficient lighting technology presently. Moreover, the LED itself typically does not fail 
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catastrophically, i.e. it does not fails to emit light, but slowly decreases its light output over time 

[10] and it has a high lifespan, up to 100,000 hours [11, 12], higher than any other light source 

technology. Besides, in comparison to other light sources technology, LED lighting has an 

extremely high degree of flexibility (both in the vast range of possible application and shape/form), 

it is environment friendly – non-toxic elements, and can have a really fast start-up, i.e. < 2 ms. 

Several commercial dimmable LED drivers have a negative feature, which is the non-

constant frequency operation [13]. Thereby, to overcome this issue (but not only), it was 

investigated and developed, in this dissertation, a resonant switched-capacitor converter to drive 

LED lamps, using a new control technique, based on a different principle: vary the resonant 

frequency, instead of varying the operating frequency of the converter. This technique is 

accomplished by means of a variable inductor, which has the advantage of, not only replacing and 

fulfilling the role of a typical resonant inductor in resonant switched-capacitor converters, but also 

of controlling the amount of power flowing to LEDs – dimming.  
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2 LED Lighting and Drivers  

The first human attempts to create an artificial light lamp occurred probably around 70 000 

years ago, though the first electric lamp (the carbon arc lamp) was developed only in the 19th 

century, in 1801 [14, 15]. The most remarkable evolution that led to the beginnings of the lighting 

industry - took place with the appearance of the incandescent bulb in 1874, which was created by 

Henry Woodward and Mathew Evans. Later they would sell their USA patent to Thomas Edison, 

who is considered the ‘father’ of the electric light bulb [16]. In 1879,  he patented a new version 

of the incandescent bulb which would, posteriorly, be the core of a massive mass production of 16 

W light bulb that could last 1500 hours [17]. Subsequently, more and more types of light lamps 

were developed leading to new and more efficient technologies, which are available nowadays. 

Such technologies are halogen lamps, discharge lamps, fluorescent lamps, and the recent and 

promising LED lamps. LED lighting, commonly referred to as Solid-State-Lighting (SSL), is the 

light source type addressed in this work.  

2.1 General Lighting Overview 

Light is a particular form of electromagnetic radiation travelling in a specific direction, 

which is able to excite/stimulate the human visual system [18].  

As light is a very general concept, it is usually characterized in terms of its performance 

and physics phenomena according to the following parameters: Luminous Flux Dimming, 

Luminous Efficacy, Illuminance, CRI (Colour Rendition Index), CT (Colour Temperature - used 

to characterize incandescent light sources), CCT (Correlated Colour Temperature – which 

characterizes non-incandescent light sources), Lumen Maintenance/Life span1.  Regarding the 

mechanisms used to produce visible light, the most common are incandescence, which is a 

particular case of thermal radiation, and luminescence.  

2.2 LEDs – Light Emitting Diodes 

LEDs, compared to most of light source types, are solid-state devices where the light is 

generated by luminescence. Essentially, luminescence (in opposition to incandescence where light 

results from heat) is a form of cold body radiation, or more specifically, is the mechanism of 

electromagnetic radiation emission from a body due to electrons excitation produced by a foreign 

agent [2]. Luminescence can be manifested in several types, but the aim of this word is to bring 

1 More details regarding some of these parameters/notions, which may be recalled during this work, can be found in the glossary 
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focus on LEDs which are based on the electroluminescence mechanism. Roughly speaking, this 

mechanism consists on the light emission as a result of an electric field applied to a specific 

substance. The first known report of electroluminescence dates from 1907 and it is claimed that 

the first LED was invented in 1920, nevertheless, only in 1968 the first mass-production of LEDs 

would take place by Monsanto Company and introduced by Hewlett Packard [19]. Since then, 

LEDs have undergone a series of dramatic increases in performance and capability. Initially, LEDs 

suffered from poor light-generation efficiency and were available only in yellow–green, orange, 

and red, which restricted their use only to low light applications such as indicator lamps and 

alphanumeric displays. Only in 1993 the first white-blue high-brightness LEDs (HB LEDs) based 

on InGaN that could produce light across the entire visible spectrum would appear. It was invented 

by the Japanese-American Shuji Nakamura who was awarded the Nobel Prize of Physics in 2014 

"for the invention of efficient blue light-emitting diodes, which has enabled bright and energy-

saving white light sources" [20]. Nowadays, most of LEDs are based on InGaAlP and InGaN 

compound semiconductors.  

2.2.1 LEDs – Brief Operation Principle and Structure 

In a simple manner, a LED is a diode which is able to produce light and its electric symbol, 

as well as its typical I-V curve are shown below: 
 

 

 
 

 
  
 
 
 

Fig .  2 .1  –  LED -  Light  
Emit t ing Diode   

 
 

Fig .  2 .2  -  Typical  I-V curve of  a  
diode [21] 

BATTERY

LIGHT

LIGHT

P-type 
semiconductor

n-type 
semiconductor

electron

hole

Light 
emitting 

layer

 
Fig.  2 .3  -  Light Generat ion on a LED, adapted 

f rom [22] 
 

The ‘core’ of a LED consists of a chip of semiconductor material doped with impurities to 

create a p-n junction that allows electric current to flow in only one direction, from the anode to 

cathode. The electroluminescence featured in LEDs, is basically a radiative recombination of a 

hole-electron pair through the band gap (in the light emitting layer) of the semiconductor as the p-

n junction is excited by the electric current flow (external bias electric field), which results in the 

release of energy in the form of light - photons [2], as the Fig. 2.3 sketches. In terms of general 

construction and assembly, most of LEDs feature the same or an approximated complex structure, 
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which can be observed in Fig. 2.4, where the structure of the HB-LEDs selected to use in this work 

is presented.  

   

Fig.  2 .4  -  Golden DRAGON PLUS LCW W5AM [23] 

The typical common elements that build-up a single LED are LED chip or die, thermal materials 

and heat-sinks, optical elements, mechanical and electrical elements. Depending on what the LED 

is made of and how it is configured, the colour of the light produced is different. Truthfully, LEDs 

available nowadays feature a tremendously high flexibility for numerous applications and thereby 

they may be categorised based on their nature in: organic devices (OLEDs) or inorganic devices 

(non-organic semiconductors). Inorganic LEDs, the most used type, may be classified according 

to the nominal power or their package as follows [2]: 

 Low and mid-power LEDs (< 1 W), mostly for non-lighting purposes such as signalling. 

 

 1 W LEDs – also known as Power or High Brightness LEDs (P-LEDs or HB-LEDs), 

mostly used for lighting purposes and the most efficient type so far, up to 303 lm/W [9]. 

 
 High-Power LEDs (>5W), developed to overcome a well-known issue, namely the 

relatively high cost per luminous flux due to the large number of single LEDs required in 

order to fulfil a specific luminous flux, particularly in higher power applications. 

 
 Others: AC LEDs (figure of merit by Seoul Semiconductor) which are directly plugged 

to the AC mains supply [24], and High Voltage LEDs that are intended for use in 

applications in which energy conversion from the mains voltage to a few volts may cause 

serious efficiency and/or performance limitations [9].  

 White Light - Generation Mechanisms 

In this work we are focused only on LEDs used to produce white light and therefore it is 

important to mention the main mechanisms/techniques used to produce white light. Several 

approaches to generate white light with LEDs may be employed, but they all feature the same 

principle which relies on the mixture of different wavelengths to obtain the desired white light 
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colour [2]. Basically, there are two main strategies to produce white light: colour mixture or 

wavelength converters [2, 25, 26]. 

Colour mixture 

Concerning this technique three main approaches may be employed [26]: 

 Using dichromatic sources, where generally a mixture of two complimentary colours, blue 

and yellow, is used to result in a perceived white light by the human eye. 

 

 Using trichromatic or RGB sources, where a mixture of three primary colours is used to 

create white light 

 
 Using tetrachromatic and pentachromatic sources, which consist on a mixture of four and 

five colours respectively and in spite of the fact that their CRI and luminous efficacy are 

higher than any other type, due to its complexity and cost this solution is barely employed. 

Wavelength converters 

With regard to this technique, also three main approaches may be employed [26]: 

 White LEDs based on phosphor converters, where the light emitted with a particular 

wavelength by the chip is partially absorbed by a phosphor and then re-emitted with a 

higher wavelength. This is, by far, the most employed technique nowadays, especially in 

HB-LEDs. 

 

 White LEDs based on semiconductor converters (PRS-LED2). Analogously to the previous 

type, a primary excited active region is responsible for emission of light which is 

posteriorly absorbed by a second excited active area which in turn will re-emit light with a 

higher wavelength. 

 
 White LEDs based on dye converters. In this case LEDs are fabricated using organic dye 

molecules, instead of phosphors, which can be incorporated in an epoxy encapsulant or in 

optically transparent polymers. Nonetheless, this technique faces a major drawback, 

namely the relatively low lifetime of organic dyes, as well as its stability. 

2 PRS-LED: photon-recycling semiconductor LED 
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Concerning the future of LED technology, the raise of Organic LEDs (OLEDs) performance, 

utility and flexibility in several applications is spreading worldwide. The term organic is derived 

from the fact that polymers based on some types of carbon composites are used [27]. This type of 

LEDs is innovative, not only because of its high simplicity of the manufacturing process, high 

flexibility, high utility but also due to the fact that its technology is environmentally friendly [27]. 

Moreover, under laboratory conditions, some impressive numbers about OLEDs, such as luminous 

efficacy of 120 lm/W, CRI > 90 and useful lifetime of 30 000 h [28] have already been published.  

2.2.2 Supplying LEDs from DC Power  

DC power distribution buses of -48 V for power telecommunications equipment 

installations have been in widespread all over the world for many years and have proven to be 

reliable, safe and cost-effective [29-44]. For such reason this standard voltage level is well defined 

both by the European Telecommunications Standards Institute (ETSI) and the American National 

Standards Institute (ANSI) [43]. 

 “One of the motives behind the universal 48 V DC standard is that it allows work on a live 

conductor with minimum risk for personal injury and without safety measures. This is a practical 

advantage when electricians work at a considerable distance from the voltage source and 

therefore cannot disconnect it” [43]. 

In Fig. 2.5 is shown a simple schematic of a traditional telecommunications LVDC power 

distribution system used widely for many years and still in use nowadays. 

 
Fig.  2 .5  -  Typical  telecommunicat ions low voltage DC power distr ibution [29] 

Generally AC power from the mains is usually converted by rectifiers into DC power 

which is generally stored in batteries. These batteries serve as the power source to the DC bus 

which will further feed all the DC equipment. 

In -48 V DC power distribution systems the voltage level is not tightly regulated due to a 

number of factors, such as the fact that as these buses are nearly always backed up directly with a 

battery of appropriate voltage, the normal operating voltage limits are determined by the battery’s 

state of charge for normal operation [29]. Thus, the actual voltage range above and below the 

stated levels is defined by industry standards such as the North American International 

Electrotechnical Commission (IEC) 60950 and the European Telecommunications Standards 

Institute (ETSI) 300-132-2 [29], which may be found in Fig. 2.6. In the presence of these variable 
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voltage limits it is crucial to take them into consideration in order to validate equipment 

performance under worst case conditions when testing them during design and manufacturing.  

 
Fig.  2 .6  -  Voltage ranges for  conventional  DC mains supplying telecommunicat ions equipment  [29,  45] 

The -48 V bus is generally the most used in existing and new installations because it meets 

the -60 V DC maximum criteria for Safety Extra Low Voltage (SELV) operation [29]. However, 

nowadays there are already a few cases with higher voltage level values such as 380 V DC used 

to feed data centres3 [33, 36, 41, 46] along with others. Nevertheless, these voltage values are 

beyond the scope of this work, so they will not be further discussed.  

Regarding most of LED lamps, one of the subtle obstacles they have to face, despite of 

their otherwise compelling benefits, is that driver circuits for these devices must include power 

conversion capability to transform AC voltage (typically single phase: 230 V AC in Europe and 

115 V AC in USA) into low DC voltage. While this process is fairly simple, it adds cost and can 

dramatically reduce the power conversion efficiency of the whole LEDs driver device. Not only 

LEDs, but also other digital devices (almost all electronic ballasts, computers, printers, mobile 

devices, basic building controls, sensors, HVAC systems, security systems, audio-visual systems, 

etc.) and local energy generation systems (such as photovoltaic, wind power, etc.), face this issue 

because  they are basically “native DC power users trying to co-exist in an AC environment”. For 

instance, due to the accumulated conversion losses, only half of the measured (in the energy meter) 

and paid electric energy is used by a typical device in a building data center [47]. Besides, 

concerning LED drivers, the major benefits of its direct connection to -48 V DC power would be 

the increase of safety, flexibility, efficiency and the decrease of the monetary cost. More 

specifically, by the use of low-voltage system, wiring and device protection could be simplified 

and much cheaper in order to reduce spark, fire hazards and eliminate shock/startle hazards [47]. 

It could also make it easier and less expensive to install lighting systems and structures to avoid 

device re-wiring in possible future renovations [47] etc. Other major benefits would be, not only, 

the dramatic reduction of design complexity and manufacture cost due to the use of simpler devices 

with fewer materials and components and without AC-DC conversion systems, but also a 

facilitation in a possible direct connection to alternative energy sources such as solar or wind local 

power energy generation systems [47]. This possibility of using DC power from photovoltaic 

3 “A data centre is a facility to house computer systems and associated components such as telecommunications and storage 

systems”  
10 

 

                                                 



systems to feed electricity loads in building, rather than converting it first to AC power and once 

again to DC power, has recently aroused a high interest in the scientific community, not only 

because of the sustained and rapid growth in the adoption of rooftop photovoltaic systems 

happening in the last few years due to the world’s concernment about climate changes, but also 

because of more three important factors, namely the use of batteries as energy storage, the 

coincidence of higher day-time loads working in commercial buildings when the PV power 

generation is around its nominal capacity, and inherent internal operation with DC power of most 

of all electric appliances [48].  

 
Fig.  2 .7  -  Example of  an industr ial  applicat ion [49] 

In order to accelerate the conversion to LED lighting supplied by DC power, an alliance, 

namely the EMerge Alliance®, was officially launched in November 2008 and currently 24 V DC 

and 380 V DC standards are being developed [50]. Its main goal is to develop suitable standards 

leading to the rapid adoption of DC power distribution in commercial buildings, such as the one 

shown in Fig. 2.7, so that they could have a higher flexibility and sustainability.  

To sum up, regarding what has been discussed in this section, the selected input voltage 

for the driver developed in this work is 48 V DC. In addition, other eventual possibilities than 

common general lighting, featuring also 48 V DC input power, are to use the proposed driver, for 

automotive lamps, within the new next generation 48V automotive power systems [51, 52], in 

light-to-light systems (LtL), which aim is to directly convert the sun irradiation into artificial light 

[53] or in Permanent Emergency Lamps (PELs) supplied from UPS systems [54-58]. 

2.3 LED Lighting - Control and Communication Protocols 

“Lighting systems control is a key for energy saving in building lighting installations with 

the additional benefit of increased comfort and safety” [59]. A system, must be properly designed 

in order to fulfil demands, such as personal control over lighting, that change constantly. However 
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most of the systems do not possess any lighting control features to go along such changes. To 

perform such demanded tasks a signal is required, which can be generated manually by an interface 

such as switches or transmitters, or automatically, through light or movement sensors and/or 

microprocessors or computer programs, etc [13]. In Fig 2.8 can be observed the general assembly 

of a lighting control system, together with a few of its features, elements and some of the most 

common communication protocols used. While in Fig 2.9 is sketched an example of application 

of DALI and KNX protocols both integrated to complement each other on a lighting system. 

 Currently, there are several main lighting control systems, such as the previously referred 

DALI which allows sixty four ballasts to be controlled/operated simultaneously [61]. In addition 

to those there are other commonly found communication protocols, wired or wireless such as 

CAN, ASCII, BACnet, EnOcean, LonWorks, MIDI, Modbus, RDM, SMPTE, TCP/IP, XML, Z-

Wave, PLC, LIN, RS232/RS485, USB, etc [62, 63]. Several of these protocols are compatible with 

48 V DC mains, like DALI or KNX protocols, i.e. in [64-66]. In addition, numerous commercially 

available LED drivers are also compatible with the previously referred control protocols as well 

as with 48 V DC input, i.e. such as those in [67-72].  

In brief, lighting control systems should contain all the necessary sensors and intelligence 

to manage the mains input and LED lamp output functions of the driver, i.e. dimming, lamp start-

up and shut down, or other additional features, such as a stop circuit or safety switch-off, output 

over-voltage or over-current protection, among other protection features. 

2.4 LED Lamp Drivers 

LEDs are a very peculiar type of light source, very distinct from other light sources, due to 

their nature. In order to develop a satisfactory LED lamp, several considerations must be taken 

 
Fig.  2 .8  -  General  LED l ight ing system -  block 

diagram [60] 

 
Fig.  2 .9  –  System with  Integrat ion of  DALI and KNX 

protocols  [61] 

12 

 



into account to overcome the main challenges, namely efficiency and lifetime. One of the main 

challenges is to surmount the typical difference between LED lifetime and driver lifetime. On the 

one hand, as previously mentioned, the LED itself can reach more than 100,000 hours [11, 12], 

while on the other hand, common driver topologies have a limited lifetime due to the use of 

electrolytic capacitors, which have a high capacitance/(volume*cost) ratio and generally last no 

longer than 10.000 hours under strict temperature conditions [27, 73]. Hence, a LED driver should 

be designed in order to obtain a good efficiency while working with low capacitance values, 

allowing for the use of non-electrolytic capacitors [74]. In addition, through the recent increasing 

use of smart electronic devices, as well as other state-of-the-art technologies, LED drivers present 

a high performance with increasing functionalities such as variable input voltage operation range, 

dimming and emitted colour change capabilities, and auxiliary circuits for protection, along with 

others. Moreover, a LED driver that comprises such functionalities should be an attractive low-

cost solution while accomplishing a high performance.  

2.4.1 LEDs – Supplying Issues  

The main challenges in the development of LED Lamp drivers are directly related to the 

photometric, electric and thermal characteristics of LEDs. The most important challenges, which 

developers have to deal with mandatorily, are briefly described below:  

• Concerning photometric characteristics, there is a highly linear dependency on the LEDs 

current and their luminous flux emitted [2].  
 

• Relating to the electrical characteristics issue, discussed in section 2.4.5.1, it shows that small 

variations of the LEDs voltage leads to high LEDs current variations [2]. 
 

• Regarding thermal characteristics, the major issue is the effects of the variations on the LED’s 

p-n junction temperature. They highly affect the built-in voltage and the effective resistance 

of the chip. This means that for a given forward voltage, an increase on the junction 

temperature will lead to an undesired increase of current, which in turn will lead to a 

temperature increase on the p-n junction. Therefore, it is mandatory to use a current control 

circuit to avoid this issue, which is identified, for instance, in Fig. 2.10. In this figure are 

sketched the I-V curves of a single LED for three different junction temperatures, and it is, 

indeed, confirmed the undesired shift on the LED forward current. Because it is a crucial issue, 

that may result in LEDs or LED driver failure if not taken into account, generally 

manufacturers of LEDs provide this kind of chart or information in the respective datasheets.  
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Fig.  2 .10 -  Effect  of  the junct ion temperature on the 

I-V curve of  a  LED 

Lumen 
Maintennace

  
Fig .  2 .11 -  Lumen maintenance vs  junction 

temperature of  a  LED [75] 

Hence, in order to overcome the three mentioned issues, LED lamps shall be supplied by 

current sources, or at least they should have a current-limiting feature [2]. In addition, regarding 

thermal characteristics, a crucial aspect to take into account while designing a LED lamp or LED 

lighting system, is the development of a proper heat sinking system. Such system is obviously 

mandatory in order to remove excessive heat and to ensure a longer lifetime of the LED lamp. For 

instance,  Fig. 2.11 presents, briefly, how the LED’s junction temperature affects the useful 

lifetime, which, indeed, confirms that it is desired to operate LEDs at junction temperatures as 

lower as possible to guarantee a longer useful lifetime. 

2.4.2 Commonly Used Topologies 

There are numerous possible topologies, depending on the type of power converters used. 

However they all have something in common: to deal with three major issues which were briefly 

described in the previous section (2.4.1). Typically, the topology required is determined mostly by 

the input supply voltage and the LED forward voltage characteristics [27, 76]. Consequently each 

topology has its advantages and disadvantages and obviously its proper selection is strongly 

dependent upon the specific application requirements. Generally, if fed by AC power supplies, i.e. 

the grid, LED driver topologies must feature an EMI filter followed by a rectifier and a PFC stage, 

in order to comply with related international standards such as (IEC)-61000-3-2, and Energy Star 

[27], EN 55015, EN 61547, etc. Regarding not only those standards, but also the field of 

application (AC fed), LEDs can be supplied with three different types of driver architecture, single 

stage, two-stages or integrated: 
 

  
Fig.  2 .12 -  (a)  Single-Stage (b)  Two-Stages (c)  Integrated Stages,  architectures  of  AC LED drivers  [27] 
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The most commonly employed one is the architecture (b) from the previous figure where 

the PFC stage (AC/DC) is generally followed by a second stage responsible not only, for supplying 

the LEDs and controlling their current, but also for fulfilling the role of a current source, ever 

since, as previously referred, LEDs must be supplied by a current source [77]. Regarding the 

second stage (DC/DC), the most common topologies commercially available are SMPS [2, 78], 

which can be found in the following table: 
 

 
Table A -  Common LED driver  topologies  [76] 

There are also, in the literature, complex and more advanced integrated topologies that 

feature all the previous requirements in a single, integrated architecture as shown in Fig. 2.12 (c); 

“The integration of the power factor correction and LED driver stages results in a robust and 

cost-effective solution” [27]. 

Regarding the topology adopted in this thesis, the resonant switched capacitor converter, 

during the research for this work, any case where this type of converter is used to supply LED 

lamps was not found in literature. Although it is possible to find non-resonant switched capacitor 

converters to supply, only, very low power LEDs in commercial products such as cellular phones, 

PDAs, indicators, laptop, etc [79]. Thus, the investigation of resonant switched capacitors for LED 

driving purposes gains an extra motivation. 

Operation Frequency 

A crucial step in the design of power converters for lighting applications is the proper 

selection of a suitable operation frequency. On the one hand, a high frequency will guarantee 

higher levels of luminous output and resonant elements with lower size and weight, while on the 

other hand it will induce higher switching losses. An initial lower boundary, in order to avoid 

audible frequencies, could be 20 kHz, however video, audio apparatus, computers, and lighting 

installations are commonly operated with IR remote controls that use frequencies in the range of 

30-40 kHz or even a little lower [13]. That is why, most of commercially available LED drivers 

are typically operated between 50 kHz - 1 MHz [77]. Higher frequencies, generally are not selected 

because they would, as previously mentioned, lead to higher switching losses and therefore 

decrease the overall efficiency of the LED driver [77]. For resonant converters, the most employed 
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type of control is frequency modulation, for which the switching frequency fs is varied in order to 

change the ratio fs/fr. In this work, as previously mentioned, the control variable is resonant 

frequency fr and therefore fs is selected to be constant. A constant frequency operation, which 

overcomes the drawbacks of variable frequency, makes the switching control and the EMI filter 

design easier, and the resonant circuit can be optimized for a given type of LED lamp. In order to 

minimize the passive components size and to overcome some of the previously described issues, 

a 100 kHz switching frequency was selected for this work. 

2.4.3 Dimming in LED Lighting Systems 

As previously mentioned, the luminous flux emitted by a LED (or light output) is directly 

proportional to its driving current. In many instances, real-time changes in light output and 

consequently LED drive current are required. This function is commonly referred to as dimming 

or luminous flux control and it is a very interesting functionality which allows for energy efficiency 

and rational use of energy leading not only to energy savings but also to the fulfilment of specific 

needs in terms of illuminance levels and ambiance intelligence, along with others. Naturally, it is 

one the most important features in modern lighting systems, then it is obvious that for an intelligent 

and cost-effective light-management system, a reduction of the power consumption is not 

synonym of turning off the lights completely. Thus, developing an efficient dimming technology, 

while guaranteeing an adequate operation and ensuring a visual comfort has been a determinant 

goal over the last decade for the lighting industry, especially in LED lighting systems. Nowadays, 

state-of-the-art control systems allow for commissioning and control of LED luminaires (as well 

as other lighting types) simply with a smartphone or tablet along with autonomous adaptive 

controls based on occupancy and ambient light sensors. 

 Step Dimming and Continuous Dimming 

Typically dimming can be employed in two different manners: continuous dimming and 

step dimming: 

 
Fig.  2 .13 -  Continuous vs Step Dimming 
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Continuous dimming is generally understood as a technology capable of dimming a lamp 

from 100% of light output down to approximately 1%, without interruptions while step dimming 

(as the name suggests - by steps) provides a discrete variation of the light output level according 

to some predetermined levels [80].  

Step dimming, in spite of providing specific light control and some energy savings, does 

not offer the same freedom that continuous dimming offers. 

 Analogic and PWM Dimming 

Generally dimming can be accomplished/employed by two main techniques:  

• Analogic or Amplitude Modulation (AM) dimming 

• Digital or Pulse-Width Modulation (PWM) dimming 

Both methods control the time-averaged (DC) current supplied to LED lamp, but in 

different manners as shown in the following illustration: 

Ton

I_avg

Analogic Dimming

PWM Dimming

LEDs 
forward 
current

LEDs 
forward 
current

 
Fig.  2 .14 – LED forward current  -  Analogic vs PWM dimming 

Analogic Dimming 

This method of luminous flux control is the simplest one since it is based on a simple 

premise, the fair linearity existing between LED forward current and luminous flux emitted. 

Thereby the luminous flux is simply varied by adjusting the DC current level supplied to the LED. 

PWM Dimming 

Regarding PWM dimming, this is by far the most complex method. It relies on a different 

principle: the LED is turned ON and OFF, as the previous figure shows, by means of supplied 

current square wave with a constant peak value. In this manner, by adjusting the duty-cycle, the 

average current value is controlled. Basically, with this type of dimming the LED is rapidly 

switched on and off so that the light flickers. The minimum recommended frequency is 1 kHz 

[81], because at such high frequency, under no circumstances the human eye can perceive the 
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individual light pulses, thus avoiding any possibility of the flicker effect. The main advantages 

and disadvantages of both previous dimming techniques are summarized as follows: 

 
Table B -  Advantages and disadvantages of  Analogic and PWM Dimming 

Analogic dimming, compared to PWM dimming, requires least control overhead, it is 

generally more efficient particularly for low dimming levels due to the droop effect [2] and, most 

importantly, it is deprived of EMI emissions [2]. This technique however, applied to LEDs faces 

a major disadvantage, namely the shift in the chromatic coordinates and in the CRI due to these 

parameters dependence in the drive current [2, 81]. Therefore, this technique shall not be applied 

to drivers of LED lamps under circumstances where the chromatic coordinates and CRI have 

extremely strict requirements. Nevertheless, for most of cases it is a cost effective and top 

performance solution, and for that it was selected to use in this work. 

 Dimming Techniques and Schemes 

Regarding LED lamps, except for very-low-power dimming levels, its voltage does not 

change significantly. Thereby, the lamp power, and consequently the luminous flux level, can 

simply be varied by controlling the lamp current due to their highly linear relation. Up to now, the 

proposed dimming techniques use different control parameters which have an immediate effect on 

the lamp current. These techniques are widespread and typically the most common are: 
 

 Simple variable resistors, semiconductors or integrated circuits in series with the LEDs, also 

known and series or shunt regulator, which are the most simple and cost-effective solutions, 

but also the most inefficient [2, 82]. 
 

 Regulation of the DC bus voltage, which is capable of providing a smooth and broad range of 

dimming control, however it requires an additional power stage which is capable of supplying 

the DC stage with a variable DC voltage [13]. 
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 The employment of switching converters: PWM - control via switching frequency (𝑓𝑓𝑠𝑠), duty-

cycle [82] or phase-shift control [83-85]. This type of control, in spite of being quite complex 

and sometimes even very intricate to analyse, is probably the mostly employed technique due 

to its robustness and reliability. Usually the switching frequency is the control variable, which 

generally leads to higher levels of current harmonics that result in high EMI. This inherent 

drawback requires the inclusion of an extra stage, namely a PFC stage in order to comply with 

related standards, to ensure safety and reliability, etc.  

To overcome most of the previous issues, in the present work, as previously mentioned, it 

is proposed a different dimming technique from those explained above, namely the employment 

of the variable inductor, a non-dissipative component [82]. This technique, whether specifically 

used for dimming purposes or for other ends, is based on a simple premise, already stated before: 

controlling the circuit through the variation of the resonant frequency, instead of varying the 

converter operating frequency and it is described in section 3. It is very important to state, once 

again, that there are not yet any commercially available lighting products using this type of control 

which motivates the work developed on this thesis. As stated earlier, the variable inductor concept 

is not new, but until the last few years the concept has drawn little attention. Thus, applying this 

concept to perform dimming of LED lamps is considered to be a new, innovative and promising 

technique. Furthermore, during the whole period of research for this work, only in one literature 

article ([82]), a LED driver using a variable inductor for the purpose of dimming, was found. In 

that publication, the variable inductor is applied to a converter which resembles a forward 

converter, not only for the purpose of LED lamp dimming but also for current equalization in 

parallel LED strings. Other prototypes using similar magnetic regulators, namely magnetic 

amplifiers, in LED drivers, were also found in literature, namely in [86] and [87], however the 

main purpose of the regulator in these papers is to overcome some issues found in traditional multi-

output converters [88], namely to achieve power factor correction without requiring an additional 

stage, and not to specifically perform dimming.   

2.4.4 LED strings/branches - Current Sharing Methods 

Most of times, the luminous flux output emitted by a single LED is not enough to meet 

design criteria or certain standards, and therefore they are usually used in a large number [82, 89]. 

Ideally, the best option would be to connect them all in series (a string) so that the current flowing 

through them would be the same and only a single current control circuit would be required. 

However, the total voltage of the LED string would be the sum of each LED voltage, which would 

result in a high voltage that may be difficult to supply from low voltage sources and may 
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compromise electrical safety [82, 90]. Thereby, generally the parallel connection of several LED 

strings is employed. This approach allows the strings to be operated at lower voltages while the 

number of LEDs is increased [82, 89]. Conversely, an issue associated with paralleled LED strings 

is the difficulty to achieve current equalization for every string [12, 82]. This is due to the fact that 

LEDs characteristics can be different even for LEDs from the same type and lot/batch resulting in 

slightly different forward voltage drops which can cause considerably different currents in each 

branch/string which in turn will directly affect the luminous flux emitted by LEDs [2, 82, 89]. 

Even provided that LED manufactures apply the concept of binning4, the former is not enough to 

guarantee that LEDs have exactly the same characteristics. Hence, lighting engineers have to 

overcome these issues, especially in the development of high performance LED lamps, and 

typically the most common methods to perform LED strings current sharing may divided into two 

categories, passive methods and active methods [5, 89]: 

Passive Methods 

Passive current sharing methods use passive components, such as capacitors and inductors, 

which are inserted in the AC side of the LED driver and then the AC signal is rectified to power 

the LED load [5, 72, 89] or in the DC side within more advanced driver topologies limited to two 

LED branches as in [92]. There are also many applications using resistors in series with LEDs and 

despite of being the simplest solution it is considered the least efficient due to the high losses [12, 

82]. These methods may be simple and cost effective, but regarding applications where high 

performance and efficiency are required one should look for active methods. 

Active Methods   

Regarding active methods, generally active devices are employed to arrange a current 

regulator connected in series with the LED strings [89]. Most of these circuits are simple 

semiconductors or integrated circuits, such as linear current regulators or switched-mode 

regulators which can feature higher performance and flexibility, however if the voltage drop in 

this devices is high it will lead to high losses that will contribute to reduce the overall efficiency 

of the lighting system [5, 82]. Therefore, the most commonly found active method is the 

employment of a switching converter (usually DC-DC Converter) with output current control 

4 Binning: due to the manufacturing process LEDs may vary in colour, luminous flux and forward voltage, even for 

LEDs from the same batch, and since these differences can be very significant, LEDs are generally divided and placed 

in the market, in groups called bins [91] Philips. LEDs - Internet Courses. Available: 

http://www.lighting.philips.com/pwc_li/main/connect/Lighting_University/internet-courses/LEDs/led-lamps6.html. 
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through switching frequency or duty-cycle control [5, 82]. Nevertheless this method faces major 

drawbacks, such as high-cost, complexity and large component count [5], and more importantly, 

a single converter is required for each LED string [82]. To overcome these issues, while 

guaranteeing simplicity and robustness, in the present work is also proposed, in addition to the 

single output topology, the application of a low-cost multiple-output topology on the current 

sharing control of multiple sets of series LED strings, using non-dissipative components, namely 

the variable inductor [82]. The proposed topology is able to perform current sharing in multiple 

LED strings, as well as in multiple LED lamps, provided that each lamp is composed of a single 

string of LEDs in series, and it is thoroughly described in section 4.3.3. 

2.4.5 LED Modelling 

Owing to the non-linear electrical behaviour of LEDs as power load, it is mandatory to use 

an adequate model to the extent of accurately predict large or small signal variations in their 

operation point. In order to determine the operation point of LED drivers using a dynamic model 

generally two approaches may be employed: large-signal or small-signal modelling. The former 

is characterized by its high reliability, accuracy and robustness, nonetheless, it is also very 

complex, and difficult to develop, and therefore its discussion will not be further addressed 

because an ‘extremely high modelling precision’ is not required in the present work. Hence, it was 

decided to employ a large-signal model, namely the piecewise linear model, using the support of 

the built-in linear model available in the software used.  

 Large-signal Modelling  

Large-signal modelling is characterized for being the easiest and simplest approach, 

therefore several large-signal might be found in literature. The simplest one is based on the static 

equivalent resistance of the LED  𝑅𝑅𝑒𝑒𝑒𝑒 at a single operation point using given values of forward 

current (𝐼𝐼𝑓𝑓) and voltage (𝑉𝑉𝑓𝑓) of the LED as shown in Fig. 2.15 and (2.1): 

 
Fig.  2 .15 – Static  equivalent  res is tance of  a  single LED, at  a  given operation point ,  and 

i ts  I-V curve  
 

 

 

eR f
q

f

V
I

=   (2.1) 

21 

 



The major drawback of this approach however, is the introduction of huge errors if used to 

determine small-signal dynamics of the LED driver, because the static equivalent resistance differs 

from the dynamic resistance 𝑅𝑅𝐷𝐷 at a given operation point [2] as shown in Fig. 2.15. Generally 𝑅𝑅𝐷𝐷 

has small values while 𝑉𝑉𝑓𝑓 has large values, which means that small changes on the voltage applied 

to LEDs can cause large and undesirable changes on their current [2]. Hence, LEDs shall not be 

modelled only by an equivalent resistance [73]. So, the most commonly employed model is the 

so-called piecewise linear model which is briefly described in the next section. 

Piecewise Linear Model 

  This model, selected to be employed in this work, is based on the approximation of the 

exponential I-V curve of a single LED and its electric scheme is illustrated in Fig. 2.16. 

It consists on voltage source 𝑉𝑉𝛾𝛾 (represented as 𝑉𝑉𝑓𝑓 in Fig. 2.16) which accounts for the 

threshold voltage of the LED, in series with an ideal diode and a resistance 𝑅𝑅𝐷𝐷 (represented as 𝑅𝑅𝑓𝑓 

in Fig. 2.16), which represents the dynamic resistance of the LED [2, 73]. This resistance equals 

the inverse of the I-V curve slope for a selected operation point tangent. Hence, the LED total 

output voltage  𝑉𝑉𝐿𝐿𝐿𝐿𝐷𝐷 may be expressed in function of the forward current If as follows: 

 LED f DVV I Rγ= + ⋅   (2.2) 

the dynamic resistance can, then, be calculated as follows: 

 
1

tan
LED

D
f

VR
I α

∆
= =

∆
  (2.3) 

Where tan𝛼𝛼 is the tangent at the operation point as illustrated in Fig. 2.17. In this figure, there is 

the exponential I-V curve in red while in blue is the single piecewise linear approximation to a 

selected operation point of the red curve. As depicted, it is possible to identify a problem with this 

 
 
 
 

 

 

 Fig .  2 .16 -  LED l inear  equivalent  model  
Fig .  2 .17 -  LED single piecewise l inear  approximation 

at  a  desired operation point  [93] 
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approach, namely the fact that 𝑅𝑅𝐷𝐷 is usually calculated at high injection currents, and hence its 

value tends to converge to the LED series resistance which will introduce substantial errors for 

low current values [2]. This error, represented by 𝜀𝜀 in the previous figure, is associated to a 

different slope of the I-V curve. Nevertheless, it is still an extremely good approximation at the 

operation point and good approximation for a few other points around it. Although, if more 

accuracy is desired, namely to reduce the mismatch mentioned before, the model can be enhanced, 

for instance, by doubling-up the standard single piecewise linear model or even of higher order – 

superposition concept [94], which consists on paralleling multiple piecewise-linear LED models/ 

branches to obtain a model for a single LED. In the following figure is illustrated the case of a 

two-piecewise linear model, which is, as it will be discussed later, the approach selected to this 

work: 

=

 
         (a) 

 
        (b) 

Fig.  2 .18 Two-piecewise l inear  model .  (a) Electric  Model .  (b)  I-V curve (dash) and modelled curve (blue)   

In the previous figure, the dynamic resistances r1 and r2 of the electric model, 

corresponding to the two blue line segments VF1-VF2 and VF2-VF3, may be calculated as follows: 

 2 1
1

2

F F

F

V Vr
I
−

=   (2.4) 

 3 2
2

3 1
3

1

F F

F F
F

V Vr V VI
r

−
=

−
−

  (2.5) 

where IF1, IF2 and IF3 are the current values corresponding to the values VF1, VF2 and VF3, 

respectively. It is important to highlight that this model is very simple and it does not take into 

consideration parameters such as parasitic effects, i.e. temperature variation effects.  
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3 Variable Inductors (VI)  

The concept of VI is quite old and dates from the 1930’s however in the first types, the 

inductance was varied mechanically, either by changing the number of turns of a winding or by 

changing the core’s air gap length [95]. Later in the 1960’s with the spreading of electronics, more 

sophisticated versions were built using electronic switches (firstly thyristors) to replace the 

mechanical interfaces [96, 97]. Only in 1987 would be proposed, the quasi-linear controllable 

inductor [98], the first remarkable VI made, with a bias winding acting as control that would later 

be improved and lead to another invention: the LVI – Linear Variable Inductor. Later, in 1994, it 

was proposed a current-controlled VI for high frequency resonant power circuits, for which the 

main goal was to fulfil the role of the typical resonant inductor in high frequency power inverters, 

which could extend the ZVS operation range, thus reducing duty cycle and switching losses, and 

voltage ringing [99]. That device, essentially the magnetic regulator analysed and developed in 

this thesis (VI), is a particular type of device which resembles a saturable reactor or magnetic 

amplifier or even a transformer. A VI consists in the assembly on magnetic cores, of two windings, 

a main winding where AC power flows, and an additional DC powered winding, responsible for 

power flow control in the AC winding.  

3.1 Inductance - Fundamentals  

In order to proceed into the VI concept one shall recall some of the most remarkable and 

classic fundamentals of electromagnetism, which are briefly described in the Appendix D. The 

resulting equations that translate theory through mathematics are presented below:  

Table C -  Classic  Electromagnetism Equations 

B Hµ=  BAφ =  NΨ φ=  
l
H dl Ni⋅ =∫
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For a better comprehension of the VI operation principle we shall start by recalling theory 

about the basic and common definition of inductor/inductance and a few general fundamentals on 

electromagnetism. Basically an inductor is a device/component, such as a loop or a coil of 

conductor wire, with properties that allow it to store energy in the form of magnetic field. 

Inductance in the other way, is a property of the inductor and typically it can be divided into self-

inductance or simply inductance and mutual-inductance, and generally it is expressed in Henry 
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[H] (SI unit). By another words, inductance may be roughly defined as the property of a coil in 

which a changing (time-varying) current ‘induces’ a voltage, also known as electromotive force 

(emf), in both the conductor itself (in this case it is simply called inductance) and in any adjacent 

coils (in this case it is called mutual-inductance) [100]. Inductance however, typically can be 

defined as secant inductance or differential inductance with respect to the B(H)5 curve of a specific 

material/medium. Considering a winding, the general definition of inductance, the secant 

inductance L , is stated as follows in (3.1): 

 
( ) ( )
( ) ( )
t tL N

i t i t
φ Ψ

= =   (3.1) 
( )

( )dif
d tL
di t
Ψ

=   (3.2) 

where N is the winding’s number or turns, ( )tφ is the magnetic flux,Ψ is the total flux linkage and 

i  is the current flowing (all the previous parameters are time-variable) through the winding. The 

previous definition is only valid for a material with a constant permeability (linear ( )B H curve) 

i.e. air, which means that in the case of materials with a non-linear ( )B H curve i.e. ferromagnetic 

materials, a different and valid definition is required, which is where the concept of differential 

inductance surges [13, 101]. Roughly, differential inductance is defined as the ratio of the 

magnetic flux change over the current change in the winding times the number of turns of the 

winding as stated in (3.2). Across the present work, it will be implicitly referred to the concept of 

differential inductance whenever the term ‘inductance’ will come up. 

To have a better idea of the difference between the two previously referred definitions, in 

the following figure they are both graphically represented: 

 
Fig.  3 .1  -  Flux l inkage vs  current  and inductance sketched definit ions [13] 

5 ( )B H is the magnetization curve of the magnetic material – where magnetic flux density B is a function of the magnetic field 

intensity H applied 
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3.2 VI – Principle of Operation 

Roughly, the principle of operation of a VI may be explained by recalling the fundamental 

theory of transformers, which says that a small amount of DC current flowing into the winding of 

a transformer, mounted on an ungapped core, causes the core to quickly saturate [13]. Thereby, a 

VI is able to control the power flow in the AC winding simply by means of control circuitry in the 

DC winding through the changes in the inductance of the AC winding. Some literature articles as 

well as some patents show several possible applications and structures of VIs, depending on the 

core structures and winding arrangements selected. Regarding the core material, generally a VI is 

operated in the knee or in the transition area6 (saturation to unsaturation area) of the magnetization 

curve. In the Fig. 3.2 is illustrated the hysteresis loop of ferromagnetic materials typically used in 

VIs and in the Fig. 3.3 is sketched the typical magnetization curve (first quadrant of the hysteresis 

loop) typically divided into three main regions. 

 

Fig.  3 .2  -  Hysteresis loop shape of  a  soft  material  used 
in  VI’s [13] 

 

Fig.  3 .3  -  Typical  magnet ization curve of  a  sof t  
magnet ic material  [13] 

The VI structure selected for this work, a double EFD core structure (see Fig. 3.4 (a)) 

includes an air gap at the centre leg and three windings. The main inductor/winding (Lac) is wound 

around the centre leg whereas the symmetrical bias windings (Ldc), serially connected in opposite 

polarity so as to cancel out the AC voltages induced by the main inductor [13, 103, 104], are wound 

around the two side arms of the core (see Fig. 3.4 (b)). This gapped core structure helps 

maintaining a low effective permeability, thereby avoiding quick saturation of the core by 

maintaining the magnetic flux density swing ∆𝐵𝐵 small [13, 104].  

The DC current is supplied to the bias winding so that the permeability of the outer arms, 

as well as the permeability of the upper and lower parts of the core, can be modified by approaching 

6 Transition area of the magnetization curve is defined as the threshold point between the unsaturated area and the saturated 

area. Technically, above this threshold point the magnetic flux density B is continuously increasing, but at the paramagnetic 

rate/slope, which is 3 orders of magnitude smaller than the ferromagnetic rate/slope seen below the threshold point [102]

 R. M. Bozorth, Ferromagnetism: Wiley-IEEE Press, 1993. 
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the magnetic flux to the knee zone of the magnetization curve [13, 104-106], as the Fig. 3.4 (a) 

shows. This magnetization, originated even by a relatively small bias current, characterized by an 

increase of the magnetic flux density, will decrease the effective permeability (which in turn will 

increase the effective global reluctance) seen by the main winding in the centre leg and hence 

change the value of the main winding’s inductance Lac [13, 104]. 

In order to accurately predict the behaviour of the VI, namely to estimate how the 

inductance of the main winding Lac varies, a deep magnetic-circuit analysis has to be addressed, 

however it is a non-trivial task, thus, the typical approach is to use an equivalent circuit model, 

namely a quite intricate reluctance model, based in the VI’s physical structure and an assignment 

of magnetic paths. In this approach, each magnetic path is related to a specific reluctance. The 

identified reluctances, together and superposed on the core geometry will be the base of the model 

used to predict the device’s behaviour. 

IdcVdc

center leg fluxac flux

Nac

NdcNdc

Lac

Vac

VrightVleft

dc flux

ac flux

Air 
gap

(a)  Schematic   

Ndc

Idc

Air gap
Ndc

Iac

N1𝜙𝜙1 Nac𝜙𝜙ac N2𝜙𝜙2

     
         (b)  Physical  i l lustration 

Fig.  3 .4  -  Current-control led VI –  double gapped EFD25 core 

In this work, for the sake of simplicity, in order to predict the evolution of the inductance 

of the main winding Lac, it was decided to obtain the small-signal characteristic since it is a very 

good representation of the normal behaviour of the VI, as it will be seen posteriorly in the section 

6.1. The small-signal characteristic may be easily obtained by means of an impedance analyser or 

an LCR meter, by simply measuring the inductance of the main winding Lac and varying the control 

current Idc in the bias winding. With this approach, an accurate and complex model will no longer 

be required. 
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3.3 VI Structure and Modelling 

Magnetic regulators can be built in several shapes and topologies depending on the 

available cores. For this work were selected gapped EFD25 cores. 

Modelling is essential for a correct understanding of variable inductors and represents an 

extremely useful and helpful tool for anyone who pretends to design and develop them. Typically 

in literature three different approaches are used for modelling complex magnetic devices such as 

multi-winding devices or integrated magnetics [13]: 

• Software finite element-analysis, provides the best possible accuracy, but it requires an 

enormous effort and time dedicated to computation analysis [107]. This type of model is 

also difficult to be applied in transient system simulation and from the practical point of 

view this would increase the complexity of the approach.  

  

(a) (b) 

  

(c) (d) 

Fig.  3 .5  –  VI f lux densi ty and directions.  (a)  No bias current supplied and 1.5  A DC current  in  the AC winding.  (b) 
No current  in  the AC winding and with  0 .4  A DC current  in the bias  winding.  (c)  Bias  winding supplied with  DC 

current  of  25 mA and AC winding supplied with  DC current of  1 .3  A.  (d)  DC bias current  of  0 .6A and AC winding 
supplied with DC current  of  1 .3  A.  [108] 
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Nevertheless, to have an idea about the flux density and direction on the VI, some 

illustrations obtained from a finite element analysis and simulation, developed in Flux7, may be 

seen in Fig. 3.5. The VI was simulated using the same data of the VI prototype constructed. It 

consists of a double EFD 25 core with an air gap of 0.6 mm in the centre leg. The AC winding 

(copper wire with 35 turns and cross section of 0.63 mm) is wound around the centre leg. The bias 

windings, are serially connected and wound around each outer leg, and consist, each, of copper 

wire with 71 turns and cross section 0.315 mm. 

In Fig. 3.5 (a) is illustrated the flux density distribution in the VI particularly for the case 

when only the AC winding is supplied, with a 1.5 DC current. In this case there is a quasi-uniform 

distribution of flux across all parts of the cores. In Fig. 3.5 (b) is illustrated the flux density 

distribution due to the DC current flowing through the bias windings, and specifically it is 

noticeable that the flux density across the centre leg is much lower compared to the outer legs 

together with upper and lower parts and that a relatively low DC bias current is enough to saturate 

the cores (yellow arrows in the Fig. 3.5 indicate that the cores are saturated in the respective areas). 

In Fig. 3.5 (c) and Fig. 3.5 (d) is noticeable the impact of supplying both windings at the same 

time with DC current (unidirectional), which basically shows the saturation of the right outer arm 

of the VI. In the case concerning the present work, the AC winding wound around the centre leg 

is supplied with AC current, which leads to the saturation of both outer legs alternately, i.e. 

negative current in the AC winding provokes the saturation of the right outer leg while positive 

current saturates the left outer leg.  

• The second approach to model complex magnetic devices is based on the gyrator-capacitor 

model [110]. This technique is based on the employment of a capacitor to simulate the 

magnetic device. In the gyrator-capacitor approach, the mmf 8 is analogous to voltage and 

the rate-of-change of magnetic flux is analogous to current which resembles the duality 

principle of the classic reluctance model. The gyrator-capacitor approach is considered as 

one of the most effective but it is rarely used.  

• Thereby, the third and typical approach is the magnetic reluctance model [93]. 

Regarding the present work, none of the three previous approaches was employed. Instead, 

a simple modelling approach, based in the small-signal characteristic of the built VI was 

developed. This model is addressed and explained in the section 5.2.  

7 Flux: Electromagnetic and thermal finite elements analysis software by Cedrat [109] Cedrat. Flux Software. Available: 

http://www.cedrat.com/en/software/flux.html 
8 mmf: magnetomotive force 
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4 Switched-Capacitor Converters (SCC) 

Certainly, the first time when the operating principle of SCC was (unintentionally) referred 

in literature, probably dates from 1873, when Maxwell demonstrated a method to measure the 

capacity value of a capacitor, using the process of a SCC, for which the average current flow would 

be equivalent to that of a resistor of value 1/(2𝑓𝑓𝑓𝑓) where f is the switching frequency and C the 

capacity value of the capacitor [111]. Nonetheless, the first time that SCC were definitely 

developed dates from 1940, when they would be used in large banks in distribution systems to 

generate reactive power needed by the grid [112] and later in the 1970s as filters in discrete time 

signal processing [113]. Concerning the domain of active power regulation applications (the scope 

of this work), SCC started to be employed most likely in 1972 [114]. They are still popular 

nowadays, and used over a wide range of very low power applications, mostly because they are 

designed exclusively with capacitors and switches which allows them be fully integrated on-chip 

resulting in a small size and weight, thus making them suitable for mobile applications [115]. 

4.1 Resonant Switched-Capacitor Converters (RSCC)  

Basically, SCC are DC-DC converters that use only switches and capacitors, where the 

latter are used as energy storage elements, by “moving” charges into and out of them, in order to 

provide a required output voltage value. Regarding the output-input voltage ratio, three main 

topologies of SCC, with various combinations of switches and capacitors, are available. They can 

be divided into SCC Divider (step-down), Inverter or Multiplier (step-up) [115]. Nevertheless, 

ever since the scope of this work is aimed to a step-up based RSCC, other types of SCC will not 

be further discussed. Theoretically, step-up RSCC can provide any fixed voltage ratio depending 

on the number of switched-Capacitor cells used in its structure, i.e. 𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = (𝑛𝑛 + 1).𝑉𝑉𝑖𝑖𝑖𝑖, where 

n is the number of SC cells [116, 117]. This interesting and highly useful feature is sketched in the 

following electric circuit: 
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D2
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M2

Cr1

Vin
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Capacitor 
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Con

Crn

D1n D2n

Switched 
Capacitor 

Cell n  
Fig.  4 .1  –  n-Mode RSCC 

33 

 



In another words, by cascading n switched-capacitor cells the output/input voltage ratio 

can be increased by a factor of n+1. dRSCC were developed to overcome major drawbacks of 

non-resonant SCC which, due to poor load regulation and to their poor efficiency are characterized 

with hard switching with high current spikes resulting in high EMI and low rated lifetime due to 

the requirement of large electrolytic capacitors. These issues restricted their use to applications of 

low power levels [118-120]. In the following two figures are shown the conventional step-up 

RSCC and the proposed topology of this work, which, as previously mentioned, consists on the 

conventional topology with the resonant inductor replaced with the variable inductor: 

B1Cr Lr
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Vin
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D2

D1
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Tank
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Fig.  4 .2  -  Conventional  RSCC Double Mode [115] 
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Fig.  4 .3  -  Proposed RSCC Double Mode 

The operation of the proposed topology (Fig. 4.3) is very similar to the conventional. The 

novelty of the proposed topology is the output regulation via the control of charge flowing through 

the resonant tank, namely by varying its characteristic impedance Zc  (through Lr). 

4.2 Output - Voltage Control Techniques 

Concerning load regulation of SCC, where the energy transfer is basically achieved by 

controlling the charging and discharging process of the switched capacitors, the most commonly 

employed techniques are: 
 

• PWM – Duty-cycle control of a single switch or all switches [121]. This type of technique, 

however, shows that the output voltage range remains narrow and it is achieved at the 

expense of decreasing the converter’s efficiency [122, 123]. Moreover, methods based on 

this technique may cause increased switching and on-state losses due to its hard switching 

operation and large peak current which is a source of EMI, thus leading the decline of the 

conversion efficiency. 

• Simply by varying switching frequency fs [124] – this technique faces the same 

disadvantages of the previous technique. In addition, it is generally known that varying 

switching frequency of converters raises difficulties when designing filters. 

• Phase-shift control [123, 125] – this technique probably offers the best performance, 

however it is quite complex and complicated, requires a higher component count and most 
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importantly, the output voltage may have a quite high undesired ripple [123, 126]. The 

latter issue of this technique is enough to justify the fact that it shall not be applied to 

converters supplying LED loads, ever since for this type of load, small voltage variations 

provoke high current variations, as previously mentioned. 

To overcome issues of the former techniques, it is introduced a new technique to 

regulate/control RSCC – the VI, which was already introduced in the section 2.4.3.3. Its 

application to SCC is new and innovative, however, as previously mentioned, it may be found in 

prior art regarding the control of Half-bridge resonant and Forward converters [13, 82]. Unlike 

those techniques available on literature, which are based on output voltage control, the proposed 

technique is based on current control justified by the type of load (LEDs). 

4.3 RSCC Step-Up Mode with Variable Inductor 

In this work, the selected input voltage value (Vin) of the converter is 48 V, which is a 

standard value that can be provided by a battery bank, by a power factor correction stage or by a 

continuous voltage source.  

Concerning the switches, regardless of the fact that the switching frequency and duty-cycle 

are set to be constant, these parameters are still available to be varied if one desires to use them 

for further control strategies. The generic schematic of the proposed topology and the selected 

convention of its currents and voltages are shown, respectively, in the Fig. 4.4 and Fig. 4.5: 
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Fig.  4 .4  –  RSCC Step-Up Mode 

+
B1

Vin

Iin

ILEDs

ICo

ID2

IM1

IM2

Ir

VLEDs

VDS1

VCr
VLr

VD1

VD2
+

-

-

+

+

-
+

-

+

-

-

+

+ -

-VDS2

ID1

 
Fig.  4 .5  –  RSCC Step-Up Mode – convention of  

currents  and vol tages 

4.3.1 Theoretical Analysis 

Considering the operation of the circuit at steady state, it can be described in six states as 

shown in Fig. 4.6. As stated before, the switching frequency was selected to be 100 kHz, constant, 

and to be above resonant frequency so that ZVS is naturally achieved in the Mosfets [13], thus 

reducing switching losses which in turn minimizes the corresponding electromagnetic 

interferences produced [127] and increases the overall efficiency of the converter. Typically, when 

35 

 



the resonant circuit is designed in order to operate with ZVS under a fixed frequency, a wide 

dimming range can be easier achieved and the consumption of reactive power minimized [13]. 

The ZVS operation of the switches during turn-on transitions may be simply confirmed by taking 

a look into the Fig. 4.8. Concerning the power switches selected, namely Mosfets, they are set in 

order to switch ON and OFF alternately with a duty cycle of 50%. The use of free-wheeling anti-

parallel diodes with Mosfets is mandatory since the resonant period is higher than the switching 

period, which means that in the end of every half switching cycle there is energy stored in the 

resonant inductor and therefore its current is non-zero. If no free-wheel diode would be used this 

non-released energy would damage and destroy (internal sparkling) the power Mosfets during 

switching stages. Ideally, provided the previously referred conditions, each switch (composed of 

a Mosfet with an antiparallel diode) is then switched OFF when its current is still positive (and at 

its maximum value) and switched on when its current is negative (and at its minimum value) which 

means that the free-wheeling diode will be conducting since the moment when an impulse is 

applied in its gate and until the current (drain-source) drops to zero. In this condition, due not only, 

to the free-wheeling diodes but also because 𝑓𝑓𝑠𝑠 > 𝑓𝑓𝑟𝑟it is ensured that the Mosfets begin to conduct 

at zero voltage and current which means that ideally, during turn-on transitions, the switching 

losses in the Mosfets can be neglected. This moment corresponds to the instant 𝑡𝑡 = 𝑡𝑡2 in Fig. 4.7. 

It is important to notice that in this case, ever since 𝑓𝑓𝑠𝑠 > 𝑓𝑓𝑟𝑟, the phase angle of the resonant current 

is less than 0º which means that the current lags the voltage, thus the resonant circuit behaves as 

an inductive load [13].  

According to the main principle of operation, and observing Fig. 4.8, the impact of the VI 

within the whole dimming range, is mostly noticed in the resonant current 𝐼𝐼𝑟𝑟 amplitude and 

consequently in the LEDs average current 𝐼𝐼𝐿𝐿𝐿𝐿𝐷𝐷𝑠𝑠𝑎𝑎𝑎𝑎𝑎𝑎. More precisely, by varying the resonant 

inductance, the rms/amplitude value of the resonant current will also vary, which in turn will result in 

the variation of the average value of the current supplied to the LED lamp - the impedance of the 

resonant circuit is changed in order to control the desired operation point of the LED lamp.  

To start a deeper analysis of the operation of the circuit, without loss of generality, and 

considering a single point of operation, the following assumptions shall be stated: 

 all the switching devices (power Mosfets and diodes) are ideal, i.e. no on-state voltage drop 

or resistance; 

 the output capacitor C0 is so large, that the ripple in the output voltage 𝑉𝑉𝐿𝐿𝐿𝐿𝐷𝐷𝑠𝑠𝑖𝑖𝑎𝑎𝑎𝑎 is neglected 

and it is initially charged to the desired average output voltage value; 

 the ripple in the output current is also neglected, then it is considered to be a constant 

current source 𝐼𝐼𝐿𝐿𝐿𝐿𝐷𝐷𝑠𝑠𝑎𝑎𝑎𝑎𝑎𝑎; 
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 the input voltage of the converter Vin is ideal, i.e. constant and with null series impedance; 

 parasitics of components such as ESR, ESL, along with others, are also neglected. 

Stages of Operation (consult Fig. 4.6 and Fig. 4.7 for complementary support)  
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Fig.  4 .6  -   Steady-state  equivalent  circui t  of  the RSCT (a)  
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Fig.  4 .7  -  Step-up RSCC theoret ical  waveforms (not  

drawn up to  scale) 
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Fig.  4 .8  -  ZVS and Impact  of  the VI in  the RSCC 
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Stage 1 (Fig. 4.6 (a): 𝑡𝑡 = 𝑡𝑡0~𝑡𝑡1)  

 The switch M2 is in the on-state during this stage. The resonant capacitor is charged by the 

input voltage 𝑉𝑉𝑖𝑖𝑖𝑖 in a nearly resonant (sinusoidal) manner until 𝑡𝑡 = 𝑡𝑡1. In this stage there is no 

energy transferred to the load through the resonant circuit, and therefore the output capacitor 𝑓𝑓0 is 

responsible for supplying energy to load during this time. As 𝑖𝑖𝑟𝑟(𝑡𝑡0) = 0  and 𝑖𝑖𝑟𝑟(𝑡𝑡0) = 0  and at 𝑡𝑡0 

the resonant capacitor’s voltage reaches its minimum. Similarly to [128], the stage equations and 

solutions are: 

 0
r r r rin L C C in LV v v v V v+ + = ⇔ = − −   (4.1) 

 0
o avgC LEDsi I+ =   (4.2) 

 0
o 0

o

( )
( ) sin ( )rC in

r
r

v t V
i t t t

L
ω

ω
− −

= ⋅ −
⋅

  (4.3) 

 0( ) cos ( )
2

r
r avg

C
oC Cr

V
v t V t tω

∆
= − ⋅ −   (4.4) 

where 𝜔𝜔𝑜𝑜 = 1
�𝐿𝐿𝑟𝑟𝑓𝑓𝑟𝑟�   (angular resonant frequency), ∆𝑉𝑉𝐶𝐶𝑟𝑟is the resonant capacitor’s voltage 

ripple, 𝑉𝑉𝐶𝐶𝑟𝑟𝑖𝑖𝑎𝑎𝑎𝑎  its average voltage, and 𝐼𝐼𝐿𝐿𝐿𝐿𝐷𝐷𝑠𝑠𝑖𝑖𝑎𝑎𝑎𝑎 =
𝑉𝑉𝐿𝐿𝐿𝐿𝐷𝐷𝑠𝑠𝑖𝑖𝑎𝑎𝑎𝑎

𝑅𝑅𝐿𝐿𝐿𝐿𝐷𝐷𝑠𝑠
�  where 𝑅𝑅𝐿𝐿𝐿𝐿𝐷𝐷𝑠𝑠 is the equivalent 

static resistance of the LED string at a given operating point.  

Stage 2 (Fig. 4.6 (b): 𝑡𝑡 = 𝑡𝑡1~𝑡𝑡2) 

 The switch M1 is turned on at 𝑡𝑡 = 𝑡𝑡1. Due to the operation of the stage 1, and because the 

resonant period is higher than the switching period, there is not enough time for the resonant 

current to reach the zero value, thus 𝑖𝑖𝑟𝑟(𝑡𝑡1) ≠ 0. Consequently, the anti-parallel diode of M1 

(Mosfet 1) conducts from 𝑡𝑡 = 𝑡𝑡1 until the resonant current drops to zero at 𝑡𝑡 = 𝑡𝑡2. Analogously to 

the stage 1, in this stage, the resonant current keeps charging 𝑓𝑓𝑟𝑟, particularly until it drops to zero, 

and the output capacitor still supplies the load. The stage equations and solutions are: 

 0
r r r rL C C Lv v v v+ = ⇔ = −   (4.5) 

 0
o avgC LEDsi I+ =   (4.6) 

 1
1 o 1

o

( )
( ) ( ) sin ( )rC

r r
r

v t
i t i t t t

L
ω

ω
= + ⋅ −

⋅
  (4.7) 
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where 𝑖𝑖𝑟𝑟(𝑡𝑡1) is the resonant current minimum value, ever since on the instant 𝑡𝑡1 the input voltage 

source is no longer charging the resonant tank. Together, stage 1 and 2 last half switching cycle 
𝑇𝑇𝑠𝑠

2�  which corresponds to the time period during which the resonant capacitor is charged. 

Stage 3 (Fig. 4.6 (b): 𝑡𝑡 = 𝑡𝑡2~𝑡𝑡3)  

At 𝑡𝑡 = 𝑡𝑡2 the resonant capacitor stops being charged, thus it reaches its maximum charge 

value and therefore: 

 2 _ min( ) / 2
r r ravgC C CCrv t V VV= = − ∆   (4.8) 

in this equation the voltage on the resonant capacitor is referred to minimum instead of maximum 

due to the selected convention for the voltage of this capacitor, and 𝑖𝑖𝑟𝑟(𝑡𝑡2) = 0. During this stage 

the energy stored in the resonant capacitor 𝑓𝑓𝑜𝑜is released to the load through the diode 𝐷𝐷2, as well 

as energy stored in the output capacitor, thus the resonant current will increase. The stage equations 

are as follows: 

 0
r r avg r r avgin C L LEDs C in L LEDsV v v V v V v V− + + + = ⇔ = − −   (4.9) 

 
o avgr C LEDsi i I+ =   (4.10) 

 2
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⋅
  (4.11) 

Stage 4 (Fig. 4.6 (b): 𝑡𝑡 = 𝑡𝑡3~𝑡𝑡4) 

 In this stage the circuit operation is basically the same of stage 3 thus the resonant current 

keeps increasing its amplitude. The only difference is the output capacitor 𝑓𝑓𝑜𝑜, which is fully 

discharged at 𝑡𝑡 = 𝑡𝑡3, and therefore during this stage it will charge: 

 
o avgr C LEDsi i I= +   (4.12) 

Stage 5 (Fig. 4.6 (b): 𝑡𝑡 = 𝑡𝑡4~𝑡𝑡5) 

 During this stage the resonant capacitor is responsible for supplying the load as well as for 

partially charging the output capacitor. The input voltage is no longer connected to the rest of 

circuit, thus the resonant current will start decreasing due to the reduction of charge in the resonant 

capacitor. Therefore, during the whole switching cycle, the resonant current reaches its maximum 

value for 𝑡𝑡 = 𝑡𝑡4. The stage equations are as follows: 

 0
r r avg r r avgC L LEDs C L LEDsv v V v v V+ + = ⇔ = − −   (4.13) 
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o avgr C LEDsi i I= +   (4.14) 

 4
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r r
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i t i t t t
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ω
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⋅
  (4.15) 

where 𝑖𝑖𝑟𝑟(𝑡𝑡4) is the resonant current maximum value, ever since on the instant 𝑡𝑡4 the input voltage 

source is no longer connected to the load through the resonant tank. 

Stage 6 (Fig. 4.6 (b): 𝑡𝑡 = 𝑡𝑡5~𝑡𝑡0) 

Within this stage the circuit operation is basically the same of stage 5 thus the resonant 

current keeps decreasing its amplitude. The only difference is in the output capacitor 𝑓𝑓𝑜𝑜, which is 

fully charged at 𝑡𝑡 = 𝑡𝑡5, and therefore during this stage its energy will be released to the load: 

 
o avgr C LEDsi i I+ =   (4.16) 

4.3.2 RSCC Design Procedure 

The design of the converter is realized in function of the desired LED current level.  

The initial selected parameters for the converter are as follows: 

• Average input voltage: 𝑉𝑉𝑖𝑖𝑖𝑖= 48 V; 

• Average LED string current: 𝐼𝐼𝐿𝐿𝐿𝐿𝐷𝐷𝑠𝑠_𝑎𝑎𝑎𝑎𝑎𝑎 = 0.1 A~0.35 A; 

• Average LED string voltage: 𝑉𝑉𝐿𝐿𝐿𝐿𝐷𝐷𝑠𝑠_𝑎𝑎𝑎𝑎𝑎𝑎 = 60 V~64 V;  

• Switching frequency: f𝑠𝑠 = 100 kHz (lower than resonant frequency to ensure 

natural zero voltage switching - ZVS), and duty-cycle of 50% for both switches. 

The design of the converter components is quite empirical, which means that it is 

approached based on assumptions selected by empirical criteria.  

The main components, which require a deep design procedure, are the capacitors and the 

resonant inductor (variable inductor). The first capacitor, also known as the switched capacitor, is 

the one present in the resonant tank and it is used to transfer energy. The second capacitor is the 

output filter capacitor. The voltage ripple across them affects the efficiency of power conversion 

as well as the stability of the output voltage for the former capacitor. The design begins by taking 

into account the principle of operation described in section 4.3.1. 

 Resonant capacitor calculation 

The amount of charge flowing to 𝑓𝑓𝑟𝑟 during the charging process (stage 1 and 2) should be 

equal to the amount of charge flowing out of it during the discharging process (stages 3, 4, 5 and 
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6). Assuming that the output capacitor is ideal, the integration of its current (equals the amount of 

charge flowing into and out of it) should be equal to zero during one switching cycle and the 

converter’s currents, during the discharging process, can be related as follows: 

 ( ) ( ) ( )
or C LEDsi t i t i t= +   (4.17) 

Therefore, the amount of charge flowing out of the resonant capacitor 𝑓𝑓𝑟𝑟 during the 

discharging process (𝛥𝛥𝛥𝛥𝑟𝑟𝑖𝑖𝑖𝑖𝑑𝑑𝑑𝑑ℎ𝑖𝑖𝑟𝑟𝑎𝑎𝑖𝑖 ), from 𝑡𝑡2 = 𝑇𝑇𝑠𝑠/2 to 𝑡𝑡0 = 𝑇𝑇𝑠𝑠, should be equal to the amount of 

charging flowing to the load during one switching cycle (𝛥𝛥𝛥𝛥𝐶𝐶𝑜𝑜). 
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where 𝛥𝛥𝑉𝑉𝐶𝐶𝑟𝑟  is the voltage ripple on the resonant capacitor and 𝑇𝑇𝑠𝑠 the switching cycle period. From 

the two previous equations results the following relations: 

  _max4o avg r adischarge vg

s
C r LEDs s C rr LEDs s

TQ I I IQ T V C T∆ = ∆ ↔ ⋅ = ⋅ ⇔ ∆ ⋅ = ⋅   (4.20) 

 _max 4
avgr LEDsI I= ⋅   (4.21) 

Selecting the capacitor’s voltage ripple to be 20% of the input voltage (48 𝑉𝑉 ∗ 0.2), which equals 

9,6 V, the switching frequency of 100 kHz and the maximum required LEDs current 0,35 A, then 

the value of 𝑓𝑓𝑟𝑟 can be calculated as follows: 
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∆ ⋅
  (4.22) 

The value of 𝑓𝑓𝑟𝑟 obtained is then 0,365 µF. Therefore the commercial value of 0,47 µF was selected 

and the voltage ripple for this capacitor value can be recalculated using: 

 
5

6
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0.47 10
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r

LEDs s
C

r

I T
V V

C

−

−

⋅ ⋅
∆ = = ≈

⋅   (4.23) 

As this capacitance is maintained constant during the whole dimming range, the voltage ripple 

may be calculated also for the minimum dimming level, which corresponds to LEDs current of 0,1 

A. The results for this sub-section are then shown in the following table:  

41 

 



𝐈𝐈𝐨𝐨 𝐂𝐂𝐫𝐫 ∆𝐕𝐕𝐂𝐂𝐫𝐫 

0.35 A 0.47 µF  7.45 V 
0.10 A 0.47 µF 2.13 V 

Table D – Resonant capacitor’s  vol tage ripple and capaci tance 

 Output Capacitor Calculation 

The output filter capacitor can be determined also from the following relation: 

 
3.

2 ( )
s

o o o
s

T

C C o CT
Q V C i t dt∆ = ∆ ⋅ = ∫   (4.24) 

During the charging process, from 𝑡𝑡0 = 𝑇𝑇𝑠𝑠 to 𝑡𝑡2 + 𝑇𝑇𝑠𝑠/2, the current flowing through the output 

capacitor is the same flowing through the LEDs load: 

 ( ) ( )
oC LEDsi t i t=   (4.25) 

Whereas during the discharging process the current through the output capacitor can be given by 

(4.17) as follows: 

 ( ) ( ) ( )
oC r LEDsi t i t i t= −   (4.26) 

Assuming the current in LEDs as constant, i.e. with a neglected ripple, and substituting (4.26) into 

(4.24) during the discharging period of time, it is obtained: 

 
3 _max

2
( ) (3 )1 2 2( ( ) ( ))

2 2

s avg avg

s
o

s s
T r LEDs LEDs

o r LEDs oT
C

T TI I I
C i t i t dt C

V

⋅ − ⋅
= ⋅ − ↔ = =
∆ ∫   (4.27) 

Substituting (4.26) into (4.27), and after a few steps it is obtained: 

 
3

4
avg

o

s LEDs
o

C

T I
C

V

⋅ ⋅
=

∆ ⋅
  (4.28) 

From the previous equation it is already possible to determine the value of the output capacitor. 

Generally, in this type of converter the percentage of output voltage ripple is usually specified to 

be less than 1% [129]. Therefore, the percentage selected for this work is 0.5% of the maximum 

theoretical mean output voltage (64 V = 20 LEDs *3.2 V - from the manufacturer’s datasheet the 

nominal voltage of a single LED is approximately 3.2 V). Thus using the selected ripple, the 

switching frequency of 100 kHz and  the maximum mean value of the LEDs current (0.35 A) it is 

obtained: 
42 

 



 
53 10 0.35 8.2

64 (0.5%) 4oC Fµ
−⋅ ⋅

= ≈
⋅ ⋅

  (4.29) 

thus the commercial value of 10 µF was selected. 

 VI - AC Inductance Range Calculation 

The design of the VI range is based on the determination of two static values of inductance, 

namely the minimum and maximum required values. In prior literature, the converter selected for 

this thesis, was found to be operated only in ZCS (𝑓𝑓𝑠𝑠 < 𝑓𝑓𝑟𝑟), for which the principle of operation is 

rather different than for ZVS operation, consequently all stages of operations and mathematical 

relations are different for both types of operation. Shortly, it was not possible to find any relations 

that could easily give or lead to the calculation of the resonant inductor’s inductance and therefore 

a mathematical relation, that can be used to determine the necessary value of the resonant inductor, 

had to be deduced for the ZVS operation.  This deduction is described below, and having also an 

empirical character, it is based on few indispensable assumptions, from which some were already 

and previously referred. In addition to those assumptions i.e. ideal components, a few more have 

to be set: 

• the capacitor are large enough so that their voltage ripple can be neglected. Therefore the 

output voltage 𝑣𝑣𝐿𝐿𝐿𝐿𝐷𝐷𝑠𝑠 can be assumed as a constant voltage source 𝑉𝑉𝐿𝐿𝐿𝐿𝐷𝐷𝑠𝑠𝑖𝑖𝑎𝑎𝑎𝑎and the resonant 

capacitor’s voltage 𝑣𝑣𝐶𝐶𝑟𝑟 might be, analogously, assumed as a constant voltage source 𝑉𝑉𝐶𝐶𝑟𝑟𝑖𝑖𝑎𝑎𝑎𝑎 

• 𝑓𝑓𝑠𝑠 is high enough to satisfy (at least partially) the condition 𝑓𝑓𝑠𝑠 ≫ 𝑓𝑓𝑟𝑟 so that the changes on 

the resonant current (𝑖𝑖𝑟𝑟) can be approximated as linear with time. 

Firstly let’s recall the resonant inductor current equation (4.11) during stages 3 and 4 (𝑡𝑡2~𝑡𝑡4): 

 o 2
o

( ) sin ( )avg avgin Cr LEDs
r

r

V V V
i t t t

L
ω

ω

− −
= ⋅ −

⋅
  (4.30) 

Analogously to the classic procedure taken in buck and boost converters analysis, complemented 

by the assumptions mentioned above, the previous current equation can be approximated as linear. 

In addition, provided that it is null at 𝑡𝑡2, it can be related as follows: 

 ( )2( ) avg avgin Cr LEDs
r

r

V V V
i t t t

L

− −
= ⋅ −   (4.31) 
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At 𝑡𝑡4, the input voltage source 𝑉𝑉𝑖𝑖𝑖𝑖 is no longer connected to the output voltage source 𝑉𝑉𝐿𝐿𝐿𝐿𝐷𝐷𝑠𝑠𝑖𝑖𝑎𝑎𝑎𝑎 by 

the resonant tank, hence, this is the time instant when the resonant current reaches its maximum 

value and for this instant the equation (4.31) can be rewritten as follows: 

 ( )
max 4 4 2( ) avg avgin Cr LEDs

r r
r

V V V
I i t t t

L

− −
= = ⋅ −   (4.32) 

In order to proceed with the calculation of 𝐿𝐿𝑟𝑟 the time interval (𝑡𝑡4 − 𝑡𝑡2) has to be determined.  

Calculation of (𝐭𝐭𝟒𝟒 − 𝐭𝐭𝟐𝟐)  

This period of time which is the period that stages 3 and 4 last together may be obtained as follows: 

 4 2 3 4t t t t− = ∆ + ∆   (4.33) 

where ∆𝑡𝑡3 and ∆𝑡𝑡4 are the period of time that the stages 3 and 4 last, respectively. The sum of these 

2 periods of time may be calculated using the following relation: 

 2 3 4 3 4 22 2
s sT Tt t t t t t∆ + ∆ + ∆ = ⇔ ∆ +∆ = −∆   (4.34) 

where ∆𝑡𝑡2  is the time that the stage 2 lasts. This period can be determined by recalling the equation 

(4.5) for the stage 2 (𝑡𝑡1~𝑡𝑡2) provided that at 𝑡𝑡1the resonant current reaches its minimum value 

𝑖𝑖𝑟𝑟(𝑡𝑡1), which equals −𝐼𝐼𝑟𝑟𝑚𝑚𝑖𝑖𝑚𝑚. Recalling (4.5) : 

 ( ) ( )
r rC Lv t v t− =   (4.35) 

Using a linear approximation it may be rewritten for the instant 𝑡𝑡2 as follows: 

 max1

2 2 2

4( )( ) avg

avg avg

LEDsrr
Cr r r Cr r

IIi tV L L V L
t t t

⋅− − −
− = ⋅ = ⋅ ⇔ − = ⋅ ∆ ∆ ∆ 

  (4.36) 

Hence, ∆𝑡𝑡2 can be obtained by re-organizing the previous equation: 

 2

4 4 8

2

avg avg avg

avgavg avg

r LEDs r LEDs r LEDs

LEDsCr LEDs

L I L I L I
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VV V

⋅ ⋅ ⋅ ⋅ ⋅ ⋅
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  (4.37) 
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Hereafter, the relations to determine the three required parameters were deduced and are shown in 

the following table: 

Table E – Deduced parameters 

Henceforth, the equation (4.32) can be rewritten as follows: 

 
max

8
4

2
avg avg avg

avg

avg

in Cr LEDs r LEDss
r LEDs

r LEDs

V V V L ITI I
L V

 − − ⋅ ⋅
 = ⋅ = ⋅ −
 
 

  (4.38) 

Solving it in order to Lr and after a few simplifications, it is obtained the following relation: 

 (2 )

32
avg avg

avg

in LEDs LEDs
r

s LEDs in

V V V
L

f I V

⋅ − ⋅
=

⋅ ⋅ ⋅
  (4.39) 

The required inductance values for both maximum and minimum dimming levels may be 

simply obtained from the previous equation by introducing the desired LED current value 𝐼𝐼𝐿𝐿𝐿𝐿𝐷𝐷𝑠𝑠𝑖𝑖𝑎𝑎𝑎𝑎 

(and its corresponding voltage 𝑉𝑉𝐿𝐿𝐿𝐿𝐷𝐷𝑠𝑠𝑖𝑖𝑎𝑎𝑎𝑎). Thus, for maximum and minimum dimming levels, the 

variable inductance 𝐿𝐿𝑟𝑟 should be in the range from 38.1 µH ~140.6 µH (these values were obtained 

from a Mathcad program which was used to solve the previous equation and that may be found in 

Appendix A.1). With these values, and with the value of the resonant capacitor determined 

previously it is possible to determine the range of resonant frequency variation for the whole 

dimming range as shown below: 

 1
2r

r r

f
L Cπ

=
⋅

  (4.40) 

Thus, the resonant frequency ranges from ≈ 19.58 kHz to 37.61 kHz, which corresponds 

to the minimum and maximum dimming levels, respectively. Thereby, it is clear that the converter 

will not operate near resonance, as desired, ever since the switching frequency is set to 100 kHz. 

4.3.3 Multi-Watt and Multi-output Operation  

The term multi-Watt refers to a specific type of electronic device which is able to supply 

different loads of the same type without requiring any physical change in the hardware [80]. Under 

the circumstances of this work, the multi-watt property is a major advantage because it guarantees 

max
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that different LED modules, from different manufacturers, etc, may be connected to the driver 

without requiring any hardware change. 

In terms of multi-output properties, a substantial advantage is the degree of freedom on the 

regulation of the outputs. Without requiring additional control circuits or components, all the 

outputs can be designed to provide, equal or different input/output voltage ratios, which, allied 

with the current control performed by the VI Lrn  results in independency on the regulation of each 

output; i.e., output 1 can be designed to be a n-step-up RSCC and output 2 a n-step-down RSCC, 

where n is the desired output/input voltage of each RSCC (as seen in the section 4.1). Thus, as 

previously mentioned, since we can design each output to provide a different voltage level, 

supplying a different amount of LEDs, LEDs with different electrical characteristics, different 

models, manufacturers and lots or also RGB-LEDs, will no longer be a problem [82]. An additional 

problematic which can be solved with this topology is the achievement of the branch currents 

equalization in multi-array LED lamps. To do so each LED branch should be connected to a 

different output and the current reference value shall be the same for each output. This strategy 

can also be applied to different LED lamps, for which a single lamp is connected to a different 

output. 
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(b) 

Fig.  4 .10 -  Mult i -output  Step-up RSCC. (a)  Topology 1 (b)  Topology 2 

The Fig. 4.10 shows the Step-up RSCC in two possible multiple outputs version that can be 

simply achieved by cascading multiple cells, each represented within a red rectangle. It is 

important to note that each output cell can be exchanged, if desired, by another topology to achieve 

other output/input voltage ratios, i.e. step-down, 1:1 or fractional voltage ratios. The main 

difference between the two multi-output versions is the number of diodes D1 used. Regarding 
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topology 1 a single diode D1n is used in each output cell while in topology 2 a single diode D1 is 

used whatever the number of output cells, and therefore, in the topology 2 the diode D1 has to 

support n times the current value which a diode D1n supports in the topology 1, where n is the 

number of output cells. Concerning the present work, the topology 1 was adopted. 

 

 

4.3.4 VI - Bias Winding Control 

Several solutions to control the bias winding (DC winding) of the VI could be employed.  

The most appropriate solution to control the bias winding is a separated and regulated DC-DC 

converter using a microcontroller (generally with a microcontroller it is ensured a lower 

component count). When operated under closed-loop control, the DC-DC converter ensures that 

the DC current at its output is maintained constant by compensating eventual changes in other 

parameters such as input voltage, load impedance, clock frequency, resonant elements, etc. Despite 

of the higher cost and component count, it is the most reliable,  robust and flexible, not only 

because nowadays it is almost mandatory to use digital control, but also because it is possible to 

find DC-DC converters in literature, as well in the market, with more than 99% of power 

conversion efficiency. It is, in fact, the most efficient solution, especially when a proper design of 

the VI requires a low bias winding current to control a converter. The drawbacks of this solution 

are, once again, the increase on the cost and complexity, and a possible obstacle for some 

applications in which the space/volume available may be a restriction. The most advantageous 

types of DC-DC converters that might be used control the bias winding of the VI are the forward 

converter and the buck converter, as those employed in [13], if one desires to have galvanic 

isolation or not, respectively. 

A simpler and alternative solution is the employment of commercially available simple 

voltage regulators (i.e. LM7805 and LM7815, 5 V and 15 V voltage regulators, respectively) as 

current regulators. Taking into account the very low level of power typically handled by the bias 

winding, even if the voltage regulator has a poor efficiency it will not have a significant impact on 

the efficiency of the whole system, thus making it a simple and cost effective solution. The major 

drawbacks of this solution are the restrictions/limits of these voltage regulators, for instance, their 

maximum input voltage limit is typically 40 V which means that under circumstances in which it 

is not possible to have a DC voltage lower or equal than 40 V this solution cannot be applied unless 

an extra converter is used to provide the necessary voltage value. This is the case of this work, 

since the only DC power source available provides 48 V DC, and for this reason this solution will 

not be further discussed.  
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From the point of view of the prototype testing, investigation and simplicity, in this work 

the separated DC-DC converter was not employed, and its role was fulfilled with a simple, 

analogic voltage controlled current source, previously employed in [82], which was developed 

using a few classic components and an external 5 V DC power source. The schematic of this 

solution is shown below: 
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Fig.  4 .11 – Voltage-control led current  source 

The previous controller may be simply described: a sense resistor is used in series with the 

LEDs load and the compared to a reference which is imposed manually. The resultant error is then 

used in a voltage follower to ensure that the transistor, which is in series with the bias winding of 

the VI, will be working in the active region or by another words, as a voltage controlled source 

and not as a switch. The current needed (≈ 0 A - 0.4 A) by the bias winding is provided by means 

of a Yokogawa GS610 power source. As the LEDs current varies, the compensator actuates and 

the control current (in the VI’s bias winding) is changed accordingly to maintain the LEDs current 

at the reference value. For instance, the higher control current, the lower the inductance of the AC 

winding and the higher the output voltage, current and power of the RSCC. As it will be seen 

ahead of this section, from the results obtained during practical experiments, the maximum power 

handled by the bias winding was of 0.21 W.  
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5 LED Driver and Simulation 

PSIM software was selected to simulate the RSCC together with the VI and the LEDs 

lamp, because it is easy to use, fast and it has a flexible control representation. Even without prior 

experience with CAD software, one can build a circuit and obtain results in minutes while retaining 

excellent simulation accuracy. This makes it particularly desirable for simulation of power 

electronics converters systems when performing multiple-cycle simulation. The simulation tests 

conducted during this work where realized under closed loop conditions. 

5.1 LED Modelling 

In order to design the power converter properly, the LEDs load had to be modelled so that 

its characteristics can be described for different load conditions within the whole dimming range.  

In the present work, is employed a simple LED model, developed by means of a multiple 

piecewise linear method as mentioned previously. The model is based on the superposition of the 

multi-branch equivalent circuit, in which branch is formed by a DC voltage source Vf, a series 

resistance Rf and an ideal diode, as described in the section 2.4.5.1, Fig. 2.18 (double piecewise 

linear approximation). The first step to develop a suitable model consisted on experimental tests, 

namely collecting several values of forward voltage for several current values on a single LED, 

with reference DRAGON Plus LCW W5AM.PC from OSRAM. According to the manufacturer 

this LED shall not be driven at lower current values than 0.1 A and the rated current value is 0.35 

A [130], therefore the dimming range for the present work is selected to be comprised between 

these two values (0.1 A → 0.35 A), which will be used to assemble the piecewise linear model. 

The I-V curve of a single LED given by the manufacturer is shown in Fig. 5.1 (a) while the 

measured and simulated I-V curves are in Fig. 5.1 (b). The blue curve represents the experimental 

I-V values obtained with the tested LED and the I-V curve, composed by the green and violet line 

segments, represents the simulated, modelled and plotted curve for a single LED in PSIM. The 

relevant points from the measured curve are highlighted in red. They are used to determine the 

two-piecewise linear segments (simple double linear regression). In fact, for the selected dimming 

range the piecewise linear approximation would be required only in the interval comprised 

between the points VF1 and VF2 in the Fig. 5.1 (b), however, the process is realized considering the 

interval comprised between VF0 and VF3. This approach is adopted because a built-in linear LED 

model in PSIM is used for simulation and it requires only two input values, namely the LED 

threshold voltage Vf and the equivalent dynamic resistance RD.  
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(a)  Dragon Plus from the manufacturer’s datasheet 

 

 

 (b)  Measured Dragon Plus and Simulated in PSIM 

Fig.  5 .1  -  I-V characteris t ic  of  the LEDs 

After selecting the points on the measured curve (VF1, VF2 and VF3) the model curve is 

calculated using the process described in the section 2.4.5.1. Firstly the required values of Vf and 

RD, correspondent to the green line segment in the previous figure, are calculated. Afterward the 

same process is applied to obtain the violet line segment. The design and description of this model 

is fully described in the Appendix B.1, from which the following results were obtained: 

 

Fig.  5 .2-  PSIM single LED model Table F –  Two piecewise l inear  model  parameters 

VF0 2.87 V IF0 0 A   

VF1 2.97 V IF1 0.10 A r1 1 Ω 

VF2 3.22 V IF2 0.35 A r2 1.41 Ω 

VF3 3.60 V IF3 1 A   

In the Fig. 5.2, is shown the resulting model for a single LED based on the calculated 

values presented in the previous table. A final comparison of the plotted curve from simulation 

(green and violet lines in Fig. 5.1 (b)) with the measured curve of a real LED (blue curve in Fig. 

5.1 (b)) shows a good agreement between simulation and real world results. A quite acceptable 

level of accuracy is achieved, thus guaranteeing that simulation will be reasonably approximate to 

the real behaviour of real LEDs when connected to the converter and neglecting any temperature 

variation secondary effects. 

5.2 Variable Inductance Modelling  

Simulation is particularly useful when we are dealing with a non-linear behaviour that 

cannot be easily handled analytically, which is our case. Being the VI non-linear, it may highly 
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affect some parameters of the converter such as the inrush current, magnitude of the load current 

ripple, small signal transfer functions and others.  

In this work the simulation software used to model the magnetic regulator was the same 

used to simulate the converter - PSIM, which has a non-linear magnetic core model. However its 

adaption to our specific application and available magnetic cores proved to be very frustrating if 

not practically impossible. For this reason a simple and dynamic model of the VI, very similar to 

the one employed in [131], was developed in PSIM and its schematic is shown below: 

 
Fig.  5 .3  -  Model  of  the VI 

The model is based on the small-signal characteristic of the VI built experimentally in this 

work which was obtained after carrying out some experimental measurements following the 

measurements setup present in the section 6.1. The resulting model is by no means perfect, namely 

because it does not include core losses, temperature effects, air gaps effect, frequency dependence 

of the permeability, the hysteresis effect along with others. Nevertheless, it is indispensable for the 

simulation analysis of its application on the LED driver designed in this work. More details 

concerning the model may be found in the Appendix B.2.  

5.3 Simulation Results 

The main steady-state waveforms of the converter, obtained by the simulation, may be 

observed from Fig. 5.4 to Fig. 5.9. To avoid being repetitive, the most relevant observations 

regarding those six figures, are introduced, by comparison with experimental results, in the section 

6.2.1 due to the very good agreement verified between simulation and experimental results. In 

addition, from the results shown in Fig. 5.10 and Fig. 5.11, it is noticeable a very good and fast 

response regarding stability/performance of the system when the faulty/undesired events were 

simulated. Furthermore, and most importantly, from the results shown in Fig. 5.12 and Fig. 5.13, 
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it is proved that current on each LED string current is regulated independently and efficaciously, 

i.e. regulation of a string current does not have impact on the other string current. 

Maximum dimming level (𝐼𝐼𝐿𝐿𝐿𝐿𝐷𝐷𝑠𝑠 = 0.35 A)  Minimum dimming level (𝐼𝐼𝐿𝐿𝐿𝐿𝐷𝐷𝑠𝑠 = 0.1 A) 

 
Fig.  5 .4  –  VI voltage, resonant  capaci tor  voltage 
( inverted polari ty)  and resonant tank current (green, red 
and blue waveforms,  respect ively) 

 
Fig.  5.5  -  VI voltage,  resonant  capaci tor  voltage (inverted 
polari ty) and resonant tank current  (green,  red and blue 
waveforms,  respect ively) 

 
Fig.  5 .6  –  RSCC input  current  and vol tage,  and LED 
string 1 current and voltage (red, blue,  orange and green 
waveforms,  respect ively) 

 
Fig.  5 .7  -  RSCC input  current and vol tage,  and LED str ing 
1  current  and voltage (red, blue,  orange and green 
waveforms,  respect ively) 

0
0.5

1
1.5

-0.5
-1

-1.5

 
Fig .  5 .8 -  Mosfets ZVS turn-on: gate-source voltages,  
drain-source voltages and drain-source currents ,  
respect ively 

ZVS 
Turn-on

 
Fig .  5 .9 -  Mosfets ZVS turn-on: gate-source voltages,  
drain-source voltages and drain-source currents,  
respect ively 

 

RSCC Dynamic response  
Simulation results regarding the dynamic behaviour of the RSCC when it is set to work at 

nominal conditions, are shown as follows: 
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(a) 

 
(b) 

Fig.  5 .10 -  Dynamic response of  the RSCC: Input  current and voltage (red and blue waveforms,  respect ively) ,  and LED 
string 1  current  and vol tage (orange and green waveforms,  respect ively)  (a)  during a s tep in  the input  voltage of  5  V, 
0 .05 ms, (b)  during a s tep in  the input  voltage of  -5  V,  0 .05 ms 

 
(a) 

 
(b) 

Fig.  5 .11 -  Dynamic response of  the RSCC: Input  current and voltage (red and blue waveforms,  respect ively) ,  and LED 
string 1  current  and voltage (orange and green waveforms,  respect ively)  (a)  during a s tep-up in  the input  voltage of  
f rom 48 V to  53V (b)  during a s tep-down in  the input  voltage f rom 48 V to  43 V 

 
Fig.  5 .12 -  Dynamic response of  the RSCC: Input  current 
and voltage (red and blue waveforms,  respect ively) ,  
LED strings 1 and 2 currents  (3 r d  graph -  green and 
orange waveforms,  respect ively)  and LED strings 1  and 
2 voltages (4 t h  graph -  green and orange curves,  
respect ively) ,  where the output  voltage of  str ing 1  was 
decreased 6.4  V by short-circuit ing two LEDs and output 
voltage of  s tr ing 2  was decreased 3.2  V by short-
circuit ing one LED 

 
Fig.  5 .13 -  Dynamic response of  the RSCC: Input current  
and vol tage (red and blue waveforms,  respectively) ,  LED 
strings 1 and 2 currents (3 r d  graph - green and orange 
waveforms,  respect ively) ,  LED strings 1  and 2 vol tages 
(4 t h  graph -  green and orange waveforms,  respect ively) 
and output  current  references 1 and 2  (5 t h  graph -  green 
and orange curves,  respect ively)  varied f rom 0.1 A to  0 .35 
A by means of  a  step-up and a 2  ms  ramp, respect ively 

The dynamic behaviour of the RSCC to a SC9 in the load, and to a variation in the output 

current reference (for a step and for a ramp) can be seen in Fig. 5.12 and Fig. 5.13, respectively. 

9 SC – Short-Circuit 
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6 Practical Prototype Implementation and Results 

To verify and validate the both theory and simulation described in the previous sections, a 

prototype was built. It includes a LED lamp, two VIs and the RSCC together with all control 

components, which were all designed and built from scratch. The full schematic of the 

experimental prototype assembled is shown in the following figure  
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Fig.  6 .1  -  General  schematic ,  and experimental  prototype bui l t  

Full details and illustrations regarding practical implementation can be found in Appendix C. 

6.1 Variable inductance  

For the prototype built were selected EFD25 cores with N87 material by Siemens and an 

air gap of 0.6 mm (based on laboratory availability). As usual, two DC control windings, with the 

same number of calculated turns, were mounted in the lateral legs of the core and serially 

connected in anti-polarity. For the main winding corresponding to the AC resonant inductor, its 

number of turns was calculated and then mounted in the centre leg in order to have the required 

variable inductance range. To proceed with the variable inductors construction it was necessary to 

follow a design procedure, described ahead. The design was done considering that the AC winding 

should have an inductance variation between 38.1 µH and 140.6 µH (from the RSCC analysis 

addressed in section 4.3.2.3).  
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VI: Simplified Design Procedure 

The VI design procedure used in this work, the same employed in [13],  begins by selecting 

the core type and dimensions and the desirable variable inductance range. The approach used is, 

in fact, a simplified approach, based on approximated effective parameters given in datasheets of 

typically used magnetic cores, by manufacturers. As initial conditions it is established that a 

maximum AC inductance value should be obtained for a zero DC control current, 𝐿𝐿𝑎𝑎𝑎𝑎_𝑚𝑚𝑎𝑎𝑚𝑚 → 𝐼𝐼𝑑𝑑𝑎𝑎=0   

and thereby, the minimum AC inductance value should be obtained for a maximum value of DC 

control current, 𝐿𝐿𝑎𝑎𝑎𝑎_𝑚𝑚𝑖𝑖𝑖𝑖 → 𝐼𝐼𝑑𝑑𝑎𝑎_𝑚𝑚𝑎𝑎𝑚𝑚.  

The maximum AC inductance value can be obtained using the classic inductor equation 

and simplified approach as follows:    

 
2 2

_ max

0 0

ac ac
ac

e

r e e

N NL l g
A Aµ µ µ

= =
+

⋅ ⋅ ⋅


  (6.1) 

Where 𝑁𝑁𝑎𝑎𝑎𝑎 is the number of turns in the centre leg, ℛ is the global reluctance of the magnetic 

circuit as seen from the ac winding, 𝐴𝐴𝑒𝑒is the effective magnetic cross section expressed in [𝑚𝑚2],  

𝑙𝑙𝑒𝑒 is the effective magnetic path length expressed in [𝑚𝑚], g is the air gap expressed in in [𝑚𝑚] and 

𝜇𝜇0 is the permeability of the vacuum. In (6.1) 𝜇𝜇𝑟𝑟 is the relative permeability of the core material, 

which in this situation is equal to the initial permeability10.  This parameter can be found in the 

cores datasheet as well as the parameters 𝐴𝐴𝑒𝑒, 𝑔𝑔 and 𝑙𝑙𝑒𝑒. 

A constraint, which the design of the VI should obey, is the permissible peak value of the 

AC current flowing through the main winding 𝐼𝐼𝑎𝑎𝑎𝑎_𝑚𝑚𝑎𝑎𝑚𝑚, for which is desirable to operate the core 

at the peak value of the AC magnetic flux density 𝐵𝐵𝑚𝑚𝑎𝑎𝑚𝑚, which in turn should be agree with the 

following relation [13]: 

 max sat sat0.1 0.3B B B≈ →   (6.2) 

The main goal of the simplified design procedure is to obtain the number of turns of each 

winding  𝑁𝑁𝑎𝑎𝑎𝑎 and  𝑁𝑁𝑑𝑑𝑎𝑎, and may be described as follows:  

Firstly it is selected the core, particularly the EFD25 core due to laboratory availability, 

and its parameters 𝐴𝐴𝑒𝑒, 𝑔𝑔 and 𝑙𝑙𝑒𝑒 are identified. The next step is to set the required maximum 

inductance value, which shall be slightly higher than the value given by the RSCT design 

10 Initial permeability: permeability of a demagnetized magnetic material (for low values of B) 
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procedure (corresponding to 𝐼𝐼𝑑𝑑𝑎𝑎 = 0). For this case, the peak value of the AC magnetic flux 

density can be easily calculated, using the peak value of the AC current 𝐼𝐼𝑎𝑎𝑎𝑎_𝑚𝑚𝑎𝑎𝑚𝑚 as follows: 
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max ac_ max
ac

e

NB I
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  (6.3) 

Using (6.2) and the selected value of 𝐿𝐿𝑎𝑎𝑎𝑎_𝑚𝑚𝑎𝑎𝑚𝑚, (6.3) may be re-written as follows:  

 ac_ max ac_ max

max
ac

e

L I
N

B A
⋅

⋅
= ⋅   (6.4) 

which will give the number of turns for the AC winding. Thereby, the air gap value g can be 

obtained as follows: 
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The diameter, 𝑑𝑑𝑎𝑎𝑎𝑎 of the wire for the main winding may be selected using the following 

relation, obtained from the density current formula: 
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  (6.6) 

Where 𝛿𝛿 is the selected current density expressed in [𝐴𝐴/𝑚𝑚2], S is the area of the wire’s cross 

section expressed in [𝑚𝑚2] and 𝑟𝑟𝑎𝑎𝑎𝑎 the respective radius expressed in [𝑚𝑚].  

Regarding the wire of the DC winding, its diameter 𝑑𝑑𝑑𝑑𝑎𝑎 can be obtained as follows:   
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Idc
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π δ

⋅
=

⋅
  (6.7) 

Concerning the total winding occupation area 𝐴𝐴𝑤𝑤, composed by the AC and DC windings 

occupation area, it can be calculated as follows:   

 ( ) ( )
2 2

2 2

2 2
ac dc

ac ac dc dc ac dcw
d d

A N r N r N Nπ π π π= ⋅ ⋅ + ⋅ ⋅ = ⋅ ⋅ + ⋅ ⋅   
   
   

  (6.8) 

The available area for the windings can be defined as 𝐾𝐾𝑜𝑜 ∙ 𝑊𝑊𝑎𝑎, where 𝑊𝑊𝑎𝑎 is the core window 

area and 𝐾𝐾𝑜𝑜 is the window utilization factor or fill factor. In the present case (EFD cores) 𝑊𝑊𝑎𝑎 is 

considered as the area on one of the sides as the following figure illustrates: 
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Fig.  6 .2  -  Double EFD core -  window area  

To fit the windings into the core window the following constraint must be obeyed:  

 u a wK W A⋅ ≥   (6.9) 

where a typical value of  𝐾𝐾𝑜𝑜 is 0.4 [132-135].  

To estimate the number of turns of each control winding 𝑁𝑁𝑑𝑑𝑎𝑎, we shall consider that the 

external path of the EFD25 cores assembly must reach saturation at a stipulated maximum value 

of the DC control current. Thus the following relation takes place:   

 _2dc ext dc macIφ ⋅ = ⋅   (6.10) 

where ℛ𝑒𝑒𝑚𝑚𝑜𝑜 is the reluctance of the external path of the core. Considering 𝐼𝐼𝑑𝑑𝑎𝑎_𝑚𝑚𝑎𝑎𝑚𝑚 the maximum 

value of the DC control current for which the minimum AC inductance value is obtained, the  𝑁𝑁𝑑𝑑𝑎𝑎 

can be obtained by re-writing (6.10) as follows:        
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  (6.11) 

where 𝑙𝑙𝑒𝑒𝑚𝑚𝑜𝑜 is the length of the external path of the core, 𝑘𝑘.𝐵𝐵𝑠𝑠𝑎𝑎𝑜𝑜 is the flux density in the external 

path due to 𝐼𝐼𝑑𝑑𝑎𝑎_𝑚𝑚𝑎𝑎𝑚𝑚 for a zero AC current, and 𝜇𝜇𝐵𝐵𝑑𝑑𝑖𝑖𝑠𝑠 is the permeability of the core material at the 

mentioned conditions. Therefore, for 𝐼𝐼𝑑𝑑𝑎𝑎_𝑚𝑚𝑎𝑎𝑚𝑚 the core is expected to be near saturation, which 

means that the permeability value should be in fact the permeability of the core at that point. The 

value of k  may be selected to be 80% [13].  

To build-up the variable inductor, the previously described design procedure of the VI was 

solved using a Mathcad program, shown in Appendix A.2, and the results are as follows: 

 𝑵𝑵𝒅𝒅𝒂𝒂 𝑵𝑵𝒎𝒎𝒂𝒂 

Turns 𝟐𝟐 ∗ 𝟕𝟕𝟏𝟏.18 𝟑𝟑𝟑𝟑.14 
Cross Section 0.357mm 0.618 

Table G – Windings characterist ics 
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 According to the design procedure, the calculated parameters were 2x71 turns and 35 turns 

for the DC windings and AC winding, respectively. More details regarding the construction of the 

VIs may be found in Appendix C.2.   The presented simplified design procedure represents only a 

brief summary of the VI, since it is, in fact, a simplified and approximated approach. Nevertheless, 

as the results will show, it is probably the best approach since it is not very complex, does not 

require a deep analysis on magnetic theory and the practical prototypes show a good agreement 

with theoretical predictions.  

Small-signal characterization 

To verify the effectiveness of the VIs a first approach consisted on measuring their small-

signal characteristic. Small-signal characteristics are usually used to evaluate the dynamic 

response and stability of one determined system. As it will be found posteriorly, due to several 

reasons, small-signal characterization might not be enough to fully characterize the behaviour of 

the VI. The small-signal characteristic of the VI is nothing else than its AC winding inductance as 

function of the DC control current applied in the bias/control winding. In order to obtain the values 

of the AC winding inductance a BK Precision 889A Bench LCR/ESR Meter was used. This meter 

supplied the AC winding with 1 V rms at 100 kHz, while the DC current of the bias winding was 

provided and measured using a Yokogawa GS610 power source, as the following measurement 

setup illustrates: 
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Fig .  6 .3  -  VI:  Small-signal  and large s ignal measurement  
setup 

Fig.  6 .4  –  VI 1  small-signal  vs large-s ignal  
characterist ics 

The results obtained in experimental measurement tests are shown on the curve from the 

Fig. 6.4. It is clearly visible the effect of the cores saturation at DC current values slightly higher 

than 0.4 A, i.e. a further increase on the DC current will not have a significant impact on the 

inductance of the AC winding. In addition, as mentioned earlier, the small-signal characterization 
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might not be enough to validate the effectiveness of the magnetic regulator because it is not made 

under the operating conditions of the VI. The problem is the nonlinearity of the VI’s inductance 

because it can operate in saturation or near the saturation region while the total AC flux does not 

vary linearly with the resonant current [13, 110]. Thus, a second approach shall be selected: the 

large-signal characterization, which is presented and discussed in next section. 

Large-signal Characterization 

To obtain the large-signal characteristic, the VIs needed to be tested under operating 

conditions, in this case within the RSCT prototype developed in this work. The first step to obtain 

the large-signal characteristic is to create a method to determine the average AC inductance for 

each operating point. Thus, the method selected consisted on a simplified approach using a peak-

to-peak based inductance model while the LEDs current was varied. This approach is 

accomplished by means of an integrator circuit composed by a 100 kΩ resistor R and a 2.2 nF 

capacitor C, a voltmeter, an ammeter and a DC power source as shown in Fig. 6.4. The ammeter 

is used to measure the current flowing in the AC windings of the VI, and the voltmeter the voltage 

on the integrator circuit capacitor. The integrator is used to estimate the flux linkage measured 

through the AC winding using the relations presented in Appendix D as follows:  

 , ,

, ,

( )
( )

ac ac pp ac pp
ac ac

ac pp ac pp

NtL L
i t i i

φ ΨΨ ⋅
= → = =   (6.12) 

Setting 𝑣𝑣𝑎𝑎 as the integrator-capacitor voltage and 
acLv as the VI voltage we have: 
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if R  >> cX : 

 1
acc Lv v

R C
≅

⋅ ∫    (6.14) 

where cX  is reactance of the integrator-capacitor. Using the previous stated relations we obtain: 

 ac ac ac cN R C vΨ φ= ⋅ = ⋅ ⋅   (6.15) 

substituting (6.15) into (6.12) we obtain the final relation that gives us the inductance value: 
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Subsequently, the AC inductance value may be simply obtained by multiplying the constants RC 

with the measured peak-to-peak voltage of the integrator capacitor and then dividing it by the 

measured peak-to-peak value of the AC resonant current. Below are shown the corresponding 

waveforms obtained for minimum and maximum dimming levels: 

Variable Inductor 
Current

Integrator Capacitor 
Voltage

vc,pp

ir,pp

 

 

  

Fig .  6 .5  –  VI current  and integrator  capacitor  voltage,  
0 .5  A/div,  500mV/div,  /div ,  Ch.  2 ,  3 ,  respect ively,  5  

µs/div ,  a t  minimum dimming condit ions 

Fig.  6 .6  –  VI current  and integrator  capacitor  voltage,  
1  A/div,  500mV/div,  /div ,  Ch.  4 ,  5,  respect ively,  5  

µs/div ,  a t  minimum dimming condit ions  

Small-signal vs Large-signal Characterization 
Theoretically, by comparison with small-signal characterization, large-signal 

characterization should result in lower inductance values due to higher saturation level reached in 

cores, since for this case there is, not only the contribution of the flux produced by the bias 

winding, but also the contribution of the flux produced by the AC winding. Though, from Fig. 6.4 

it is, indeed, clear that there is not a perfectly good agreement with what was stated. Nonetheless, 

there is only a minimal difference between both signals across the whole range. Thus, it is 

confirmed and validated that small-signal characteristic shall be a very reasonable approach to 

start the simulation of the VIs integrated in power electronics converters in this particular situation 

and similar ones. Naturally, if high precision is required, it should be performed a large-signal 

characterization of the VI, however it may be a compromising approach because, generally, it is 

not possible to obtain this type of characterization before the VI is tested within the power 

electronics converter. 

6.2 Full Driver Assembly   

The full Driver assembly adopted for the practical experimental was already shown in the 

schematic present in Fig. 6.1. Photos from the prototype may be found in Appendix C.3. The 

selected input voltage Vin of 48 V DC is provided by means of a batteries bank, namely four 12 V 

batteries connected in series. The control for the power Mosfets, i.e. duty-cycle and switching 

frequency, were provided by the integrated circuit IR2153D and its design procedure is briefly 

presented in Appendix C.3. All tests were conducted under closed loop conditions. 
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6.2.1 Experimental Results and Comparison with Simulation  

Due to the high similarity between results on both LED outputs, only the results concerning 

a single LED output (string) are presented. Therefore, a few of the resulting waveforms, 

concerning the LEDs string 1, are shown below: 

Cr Voltage

VI Current

VI Voltage

Minimum LEDs 
Power = 5.93 W

 
(a) 

Cr Voltage

VI Current

VI Voltage

Maximum LEDs 
Power = 22.32 W

 
(b) 

Fig.  6 .7 -  Resonant capaci tor voltage ( inverted polari ty) ,  resonant current  and VI vol tage, respect ively,  5 µs/div.  (a)  At 
minimum diming level  conditions,  25 V/div, 0.5 A/div, 50 V/div, Ch. 1 ,  2,  3 ,  respectively.  (b)  At  maximum diming 
level conditions,  25 V/div,  1  A/div,  50 V/div ,  Ch.  3 ,  2 ,  1 ,  respect ively. 
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LEDs Voltage

Minimum LEDs 
Power = 5.93 W

 
 (a) 

LEDs Voltage

LEDs Current

Input Voltage
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Maximum LEDs 
Power = 22.32 W

  
(b) 

Fig.  6.8  -  Input  current  and voltage,  and LEDs branch current  and voltage,  1  A/div,  50 V/div,  0 .5  A/div,  50 V/div,  
respect ively,  2 .5  µs/div .  (a)  At minimum diming level  condit ions,  Ch.  2 ,  1,  4,  3 ,  respect ively.  (b)  At  maximum dimming 
level conditions,  Ch.  1 ,  2 ,  3 ,  4,  respectively 

 

(a) 
 

(b) 
Fig.  6 .9  -  Mosfets turn-on ZVS, drain-source voltage and current  (blue and red waveforms,  respectively)  (a)  25 V/div, 

5  µs/div ,  for  minimum dimming level  (b) 25 V/div,  50 µs/div ,  for  maximum dimming level 
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The remaining waveforms gathered, are presented in Appendix C.3 due to their lower relevance. 

Simulation vs Experimental Results 
Comparing the results presented in Fig. 5.4 to Fig. 5.9, corresponding to the practical 

results shown in Fig. 6.7 to Fig. 6.9, a very good agreement is clearly noticed between simulation 

and practical results, thus validating the proposed simulation model as a very good approximation 

of reality. Regarding the first pair of figures for both simulation (Fig. 5.4 and Fig. 5.5) and 

experimental waveforms (Fig. 6.7), which show the main parameters of the resonant circuit for the 

two extremes of the dimming range, it is noticeable the change in the amplitude of the resonant 

current, which confirms the theoretical prediction and validates the main objective of this work. 

With regard to the voltage on both elements of the resonant tank (capacitor and VI), it might be 

observed a slight change on their shape but it is not significant/relevant. In terms of resonant 

current, its shape is not very sinusoidal due to the fact that the resonant frequency is a few times 

smaller than switching frequency, thus it presents highly linear ramps that build up a triangular 

waveform. Concerning the second pair of figures (simulation - Fig. 5.6 and Fig. 5.7; experimental 

- Fig. 6.8), which show input and output voltages and currents, it is clear the change in amplitude 

on both input (red waveform) and output current (orange waveform), where the former presents a 

very good DC shape, practically without ripple, which constitutes a major benefit for LEDs to the 

extent of ensuring their proper operation conditions in order to, not only to preserve their rated life 

time but also to eliminate any flickering possibility.  The output voltage, obviously, also features 

a very good DC shape, but in terms of amplitude it does not change significantly across the whole 

dimming range, which agrees with the characteristic behaviour of LED loads. The only simulation 

result that slightly differs from the experimental result, is the input voltage, which presents some 

ripple during every switching transition of the Mosfets. This is simply justified by the fact that 

during practical experiments the input voltage was provided directly by batteries, which have no 

specific mechanism to regulate voltage, nevertheless this issue is not critical for the present work.  

 Concerning the last pair of figures (simulation – Fig. 5.8 and Fig. 5.9; experimental - Fig. 

6.9, where are shown Mosfets voltage and current (drain-source), it is confirmed the ZVS 

operation of Mosfets over the whole dimming range (the two extremes cases are presented). 

Moreover, there is a very good agreement between simulation and experimental results. 

Nevertheless, it is noticeable some ringing ripple in the voltages, which could be reduced using a 

snubber11, however because it is not very problematic, and since it would require a really careful 

design and study, no snubber was employed. Besides, a snubber also introduces power losses, thus 

11 Snubber: device used to supress some phenomenon, for instance voltage transients. 
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it should be applied only when it is strictly required/mandatory, and therefore the application of 

the snubber in this converter is expected to be addressed only in future work.  

In Fig. 6.10 are drawn the large-signal characteristics of both VIs (orange and green 

curves), where, as desired, it is clear the impact of the bias current on the AC winding inductance, 

thus validating the performance of the VIs. Based on the VI theory, the serial connection of the 

two side arm windings (which compose the bias winding) should cancel out the voltage induced, 

by the AC winding, on each of them because those induced voltages have, under the assumption 

of symmetry (ideally), opposite polarities which means that the AC winding would not influence 

the bias winding. However, as verified in fig Fig. 6.10, that is not what effectively happens, since 

it is slightly clear a non-linear coupling between bias current and AC inductance. This is mostly 

due to the non-linearity of the magnetic material [110], and in some cases it may also be due to 

eventual imperfections in the assembling of the VI since, particularly when made by hand. 

Nonetheless, the performance of the VIs on the RSCC might be validated by simply observing the 

blue and red curves in Fig. 6.10 (LED string 1 and 2 average power, respectively) which show a 

highly linear relation between the LED strings average power and the control/bias current. 

 

With concern to the overall prototype, from the Fig. 6.11 it is, indeed, clear that the RSCC 

controlled by the VI features a very good performance over the whole expected dimming range: 

the electrical conversion efficiency of the RSCC, calculated from (6.17), ranges from 88.40% to 

92.98% for the lamp mean output power ranging from 11.99 W to 44.72 W (blue curve in Fig. 

6.11). 

 
( ) ( )1 1 2 2avg avg avg avgavg

avg avg avg

LEDs LEDs LEDs LEDsLEDs

in in in
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η
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⋅
  (6.17) 

 
Fig.  6 .10 -  LED str ings power vs  VI bias  current  (blue 
and red waveforms),  and VI’s  AC inductance vs bias  

current  (yel low and green waveforms) 

 
Fig.  6 .11 -  Lamp Efficiency vs load (LEDs) mean power 
and Lamp luminous eff icacy vs  load (LEDs mean power 
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 Regarding the power losses, introduced to the system by the bias winding, they may me 

estimated using the following relation: 

 2
_DC losses DC dcP R I= ⋅   (6.18) 

where 𝑅𝑅𝐷𝐷𝐶𝐶, equal to 1.29 Ω , is the measured resistance of the bias winding at 100 kHz and 𝐼𝐼𝑑𝑑𝑎𝑎 the 

maximum bias current, for maximum dimming level, which equals 0.4 A, thus the maximum bias 

winding power losses equal ≈ 0.21 W. Based on input and output power, in order to validate the 

proposed dimming technique, the luminous efficacy (luminous flux per power consumed) of the 

lamp was estimated. For this purpose it was measured the illuminance of the lamp and then 

converted to the equivalent luminous flux. The process used to determine the luminous efficacy is 

described in the Appendix C.4. With the data gathered and determined the luminous efficacy 

curves were obtained, and are shown in Fig. 6.11, where the red and green curves show the 

luminous efficacy regarding the lamp average input power and lamp average output power, 

respectively.  
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Conclusions and Future Work 

Conclusions 

Based on the respective merits of the VI control on the RSCC, a new cost-effective 

dimmable LED driver was proposed. The driver offers, not only the possibility to perform 

dimming over wide ranges, as shown, but also currents equalization in multiarray based LED 

lamps.  

The main circuit operation was briefly analysed, simulation and practical experiments were 

conducted in order to validate the theoretical analysis, the effectiveness and feasibility of the 

converter as well as goals for this work.  

The full model developed in PSIM was found to reproduce faithfully the behaviour of the 

RSCC with the VI in the practical application, thus the model might be easily extended, for 

instance, to VIs with separate DC bias windings, to characterise the non-linearity of the 

magnetization Inductance of transformers [13], as well as current equalization for RGB based LED 

lamps, etc. 

The proposed technique has the advantage of using a non-dissipative element to regulate 

the current through the LEDs, thus providing high efficiency, as the results show: an efficiency of 

the RSCC prototype in the range of 88.4% to 92.98% was verified over the whole dimming range 

(≈ 30 % to 100% for average input power ranging from ≈ 14 W to 48 W), with the Mosfets 

featuring ZVS during turn-on transitions while switching frequency and duty-cycle are maintained 

constant, thus reducing switching losses and EMI. 

The proposed topology (RSCC with VI), in comparison to existing topologies, might be 

considered less costly, not only because it is simple and with fewer component count, while 

ensuring robustness, but also due to the relative ease of control and because the switches and 

measurements (by the control sensors) are implemented at the same reference point [73], thus 

avoiding the need for further control components and techniques. Moreover, unlike most of 

topologies available, this topology does not require an inductive output filter, which reduces, 

beneficially and considerably, the driver size/volume.  

In addition to the proposed LED driver, a special care was taken, during this work, to 

modelling, design, and small-signal and large-signal characterization of the VIs. This analysis has 

proved, not only, how important it is to model the VI, but also shows its good performance and 

flexibility, whether applied to LED lamp drivers or potentially new and different 

applications/technologies.  
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Future Work 

The main focus of this work was, not only to investigate the application of a new dimming 

technique, namely the VI control, for LED lamps, but also to investigate a new DC LED driver 

based on a step-up quasi-resonant switched-capacitor topology. Thus, the main objective in terms 

of future work is to continue this line of research, especially regarding the pursuit of an optimized 

version of the proposed LED driver prototype with VI.  The work developed on this thesis validates 

the proposed technique and driver topology but also points out some issues, which are expected to 

be dealt with in the near future.  

Thereby, regarding LED driving applications, future work is focused on the following 

relevant guidelines: 

 Optimization of the prototype built, firstly regarding optimal components in order to achieve 

the best possible performance and efficiency, and secondly to implement a small DC-DC 

converter to control the bias winding using a digital controller, i.e. forward or buck converter. 

In addition, the best advantage of the application of a microcontroller is that it opens a door 

to many benefits and features that are mandatory in nowadays LED driving applications, such 

as protection features or dimming. It is also expected to integrate, in the RSCC with VI, a 

modern and compatible communication protocol, i.e. DALI or KNX. Furthermore it is also 

planned to integrate VLC (Visible light Communication) in the RSCC with VI. 

 

 Study the operation of the RSCC in near-resonance conditions, in order to achieve optimum-

operation for all dimming levels. This requires a state-plane analysis from the point view of 

the resonant circuit. 

 
 Since RSCC are not profoundly studied in the literature, it is also planned to make a deep 

study of the existing topologies.  

 
 Make an experimental analysis of the dynamic response/stability of the RSCC. 

 
 Study the RSCC with VI, not only using small-signal dynamic models of LED lamps in order 

to determine optimal-operation range and the limits of stable operation, but also using models 

of the VI based on finite elements. 
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 Investigate the inclusion of PFC techniques in LED drivers controlled via the VI, for 

applications supplied by AC mains, namely two-stages or integrated driver topologies. 

 

 Investigate and study LED drivers controlled with VI for 380 V DC mains or directly by 

renewable energy systems such as low power Wind-Power systems and solar PV systems. 

 
 Study and investigate the control technique based of the variation of the resonant frequency, 

implemented with variable capacitors instead of variable capacitors. 

Regarding further applications with application of the CI, the main interests are to: 

 Investigate the VI technique to control other topologies, namely step-down and inverter RSCC 

as well as classic buck, boost and buck-boost converters. 

 

 Study the VI to control actively the saturation level of buck-boost inductors in applications 

for electric vehicles 

 
 In applications of wireless charging of mobile devices such as mobile phones, tablets, laptops, 

electric tooth-brushes 

 
 Control of induction heating applications  

 
 Maximum power point tracking (MPPT) in solar PV applications, etc. 

Expected publications 

One of the goals of this thesis was to publish this new dimming technique and dimmable 

RSC LED driver. With the cooperation of the supervisor and co-supervisor of this dissertation, a 

digest was written and sent to the 2015 IEEE ECCE (Energy Conversion Congress & Expo) 

conference. At the moment the group is still waiting for the final decision which will be publish 

on May 1st, 2015.  
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Appendix 

A.1 – RSCC Design 

VI – Calculation of the AC Inductance range 

Using the selected input and desired output parameters, the procedure to determine the VI 

AC inductance range described in section 4.3.2.3 was solved in a Mathcad program which is shown 

below. The results obtained with it, indicate that the required variable inductance range is: 

38.1 µH ~140.6 µH 

Mathcad program: 
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A.2 – Variable Inductor – Physical Design Procedure 

The simplified design procedure of the variable inductor was solved by the following 

Mathcad program: 
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B.1 – LEDs Model 

 

The LED lamp was simulated in PSIM with the model which is shown below:  

 
Fig.  B.  1  -  PSIM LED lamp model 

 

 

The circuit within a yellow rectangle in previous figure is the model for one single LED. 

The two LEDs in parallel represent the double piecewise linear model referred in sections 2.4.5.1 

and 5.1. The lamp model is composed by a string of 20 LEDs connected in series. Note that each 

LED is based in the built-in model provided by PSIM’s database. The parameters for the LED 

model are obtained using the design procedure described in section 2.4.5.1, for which are obtained 

curves that fulfil the y = mx + b type: 

 fn n fn nI r V b= ⋅ +   (6.19) 

Where Ifn r is the equivalent dynamic resistance, expressed in [Ω ], for the point n, and b is simply 

(specifically in this case) a “virtual” ordinate in the origin of the equation. This is due to the fact 

that for voltage values under the threshold voltage of a LED the current is null. The coordinates 

for the key points are given in Fig. 5.1 (b). For the present case first it is obtained the slope (r1) of 

the green line segment comprised between VF1 and VF2 as follows: 

 2 1
1

2 1

3.22 2.97 1
0.35 0.1

F F F

F F F

V V Vr
I I I

∆ − −
= = = = Ω
∆ − −

  (6.20) 
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Substituting the obtained value of r1 and the coordinates of VF1 into (6.19) the value of b1 is 

calculated and equals -2.87. Hence the value for VF0 may be determined using (6.19) by 

substituting the already known correspondent current value 𝐼𝐼𝑓𝑓0 = 0, and the value of b1. The 

resulting value for VF0 is then 2.87 V. Analogously, for the second segment (violet) VF2 is already 

known from the data collected and it equals 3.22 (see Fig. 5.1 (b)), and the unknown value of r2 

can be determined as follows: 

 3 2
2

3 0
3

1

3.6 3.22 1.413.6 2.871
1

F FF

F FF
F

V VVr V VI I
r

−∆ −
= = = = Ω

− −∆ −−
  (6.21) 

The model parameters, including measured parameters and calculated ones, are listed in 

the following table:  

 

Fig.  B.  2  -  PSIM single LED model  

  

Table H – Two piecewise l inear  model  parameters 

VF0 2.87 V IF0 0 A   

VF1 2.97 V IF1 0.10 A r1 1 Ω 

VF2 3.22 V IF2 0.35 A r2 1.41 Ω 

VF3 3.60 V IF3 1 A   

The single LED model used in PSIM is shown in the previous figure.  

 
 

B.2 – Variable Inductance Model 

As a first approach, with the measurements setup presented in section 6.1 (small-signal 

characterization) the obtained experimental values (those shown in Fig. 6.4) of the main winding 

inductance as a function of the DC control current (𝐿𝐿𝑎𝑎𝑎𝑎 = 𝑓𝑓(𝐼𝐼𝑑𝑑𝑎𝑎)) were introduced in the model 

by means of a Lookup Table (using a .txt text file) in order to simulate the dynamic-inductance 

behaviour of the VI. This lookup table approximates a one-dimensional function using the 

specified lookup method which was chosen to be the Interpolation-Extrapolation method. This 

method performs a linear interpolation and extrapolation of the inputs where the inputs are the 

values of the DC control current. As a simple approach, the DC control current is the input of the 

lookup table and it is obtained using a current sensor in the DC (bias) winding. Using the specified 

method, the Lookup Table block automatically determines the inductance value. 
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DC Winding 

The DC winding is simply simulated by means of an equivalent in series resistance 

(ESR_DC) of 1.3 Ω, which in turn is in series with an inductor of 1.5 mH. These values were 

obtained during experimental tests of the VI. The winding is supplied with a voltage source of 5V 

and controlled by means of a simple voltage-controlled current source which actuates a NPN 

transistor, such as the one proposed in [82], built with a few logic and passive components as 

follows: 

 

 Basically it is a classic analogic PI controller followed by a voltage follower. In the present 

case, the current sensor measures the LED current and an error amplifier compares this value to a 

reference value, and then its generated the required output to control the VI. The inputs of the PI 

controller T3 and T2 are the sensed LEDs current and the current reference value, respectively. 

The reference is adjusted manually in function of the LEDs lamp current desired value. The voltage 

follower is used to ensure that the transistor is operated in its active region during the whole desired 

control range. 

AC Winding 

The AC winding is simply simulated by means of a voltage-controlled current source 

(VCCS) in series with an equivalent in series resistance (ESR_Lac in the schematic). In this 

winding, the resonant current is defined to flow from the negative terminal to the positive terminal 

of the VCCS (the same direction of the arrow in the schematic).  

Note that when “inductor Current” is mentioned it is related to the current flowing through 

the AC winding of the VI. In order to obtain and control the inductor current, firstly its voltage is 

measured with a voltage sensor (Voltage _sensor in the schematic) and then it is integrated. After 
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that, the resultant parameter is divided by the inductance value given by the lookup table and the 

inductor current is thus obtained. This process may be mathematically described as follows:  

 1
( )

ac

ac

L
L

ac dc

v
i

L I s
= ⋅   (6.22) 

where 1
𝑠𝑠
 is the Laplace integrator. 

In order to achieve a higher precision in the simulation results, i.e. as close as possible to 

practical results, after the prototype was built and tested the VI’s large signal characterization, was 

introduced into the lookup table to replace the previously introduced small signal characteristic. 

(Firstly simulation was done using data which resulted from the small-signal characterization of 

the VI). 

B.3 – Converter and Simulation Parameters 

 

Fig.  B.  3  -  LED driver  Simulat ion Model for  2  outputs 
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Fig.  B.  4  –  Mosfets  control  without dead-time ,  100 kHz and 50% duty-cycle 

 

 

 

 

In the following table are presented the main parameters used in the simulation: 

 

 Table I  -  Simulation main parameters 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Description Specification 

Simulation Time Step 10−7𝑠𝑠 

Input Voltage 𝑉𝑉𝑖𝑖𝑖𝑖  =  48 𝑉𝑉 

Switching frequency 100 𝑘𝑘𝑘𝑘𝑘𝑘 

Duty cycle 0.5 

Switches N-channel MOSFETS  

Variable Inductor 𝐿𝐿𝑟𝑟 = 42 µH ~ 145 µH 

Resonant Capacitor 𝑓𝑓𝑟𝑟 =  0.47 µ𝐹𝐹 

Output Capacitor 𝑓𝑓𝑜𝑜 =  10 µ𝐹𝐹 

LED Branch (Bn) 
String of 20 LEDs in series, 

3.2V, 350 mA 
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C.1 – LED Lamp Construction  

 

A LED lamp comprised of two strings, each one with 20 LEDs connected in series, was 

built. The LEDs used were Golden DRAGON PLUS LCW W5AM from OSRAM as follows: 

   

Fig.  C.  1  -  Golden DRAGON PLUS LCW W5AM [23] 

The LEDs were soldered and connected to each other by means of copper wire and 

assembled on an aluminium heat sink. Due to the high junction temperature of LEDs a dissipation 

system is mandatory for every LED lamp. 

 Between the LEDs built-in heat sink (may be seen on the previous figure – orange colour) 

and the external heat sink, thermal paste was used with a double function, first to serve as a heat 

spreader by conducting heat out of the LEDs, and second to serve as dielectric layer to provide 

electrical isolation between the LEDs and the external heat sink because the LEDs built-in heat 

sink is electrically connected to the cathode. The LEDs lamp prototype built is shown below:  
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Table J  -  LEDs lamp prototype 

To have a brief idea about the thermal operation of the LEDs and the heatsink, some tests 

using a thermal imaging camera were taken and can be seen below: 

  

  

Fig.  C.  2  -  LED lamp thermal  analysis 
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Nevertheless, it is not clearly visible the real temperature of the polished aluminium 

heatsink used. This is due to the difficulty in adjusting the emissivity coefficient with the camera 

in order to overcome a common issue related to measuring temperature of polished aluminium 

surfaces (such surface behaves like a temperature mirror). Therefore, for future work the same test 

will be done but with the support of an additional thermo couple to measure directly the 

temperature of the heatsink. 

 

C.2 – Variable Inductors Construction  

Two VIs were built using EFD 25 cores with N87 material from Siemens. In order to get a properly 

assembly of the windings in the cores a device was built, to serve as a coil winder, using a few 

plastic sheaves, a small DC motor and a few extra materials. The coil winder built is shown below: 

 

Fig.  C.  3  -  Coil  winder prototype 

 For the AC winding a coil former, from the cores manufacturer was used. This coil former, 

for which the AC winding is placed around, as well as the rest of materials needed to assemble the 

variable inductor, are shown in the following two figures: 
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Fig .  C.  4  -  EFD 25 coi l  former 

 

 

Fig.  C.  5  –  Core forming pieces  provided by the core’s  
manufacturer 

For the control windings there is no coil former provided by any manufacturer, and 

therefore, for each control winding, a tiny coil former prototype had also to be built manually. This 

coil former was made using thin plastic sheets and glue and it is shown below: 

 
Fig.  C.  6  -  Control  windings coil  formers  

 After assembling all the pieces together the VI prototypes were concluded and a few 

pictures of them are presented as follows: 
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Fig.  C.  7  -  Variable Inductor prototype bui l t  

Relevant data regarding characteristics of the VI’s windings are shown in Table K which 

is presented in next section. 

 

C.3 – Driver Construction  

Power Circuit – Components Selection 

The components of the power circuit, shown in Fig. C. 8, were selected based in the 

maximum voltage or current they will have to sustain and on the laboratory availability. From the 

theoretical analysis of the converter addressed in section 4.3.1 both power Mosfets M1 and M2 and 

both diodes D1 and D2, will have to sustain the maximum value of the resonant current flowing 

through the resonant tank which can be obtained using the equation (4.21), recalled as follows: 

 
max

4
LEDsrI I= ⋅   (6.23) 

Using the previous equation and the maximum expected value of the LEDs average current 

of 0.35 A, then the maximum value that both Mosfets and Diodes have to support equals 1.4 A 

(4*0.35 A). From a simple circuit analysis, Mosfets have to sustain the value of the 48 V DC input 

voltage, so the commercial Mosfets IRF520 was selected. Regarding diodes once again, from the 

circuit analysis it is shown that they have to sustain a voltage value corresponding to Vin-VLEDs. 

Therefore, considering the maximum output voltage to be the nominal lamp voltage of 64 V the 

diode will have to sustain 16 V (48-64 V). Subsequently, based on the previous conditions, the 

diodes D1 and D2 selected were Hyper-Fast Diodes BYC5D-500. These diodes have good 

performance characteristics so to avoid any slow reverse recovery time. The resonant and output 

capacitors of 0.47 µF and 10 µF, respectively, were selected to be film capacitors, due to their low 

ESR and high lifespan. 
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Fig.  C.  8  -  RSCC -  Power Circuit 

Mosfets Control – Design Procedure 

 
The Mosfets control was provided by the IC12 IR2153D using the following schematic: 

Vin

4 COM LO

2

CT

RT

1 VCC 8VB

HO 7

6VS3

5

IR2153D

Mosfets 
Control

Cfi1 

Cct 

Rrt 

RG2 

RG1 

Cfi2 

RLi 

M1

M2

 

Fig.  C.  9  -  Mosfets Control  

The IC IR2153D sets automatically an alternated 50% duty-cycle for each Mosfet switch 

and as a protection measure it ensures that both switches are never on the same state, i.e. ON state. 

Another advantage of this IC is that it does not require an external input low voltage source, i.e. 

15 V input voltage, thus its Vcc pin (supply voltage pin) is directly connected, through the resistor 

RLi, to the in voltage of the converter Vin (48 V). The resistor RLi is responsible for limiting the 

input current supplied to the IC, which according to the manufacturer’s datasheet is recommended 

to be 5 mA [136], thus its value can be calculated as follows: 

12 IC – Integrated circuit 

98 

 

                                                 



 
max

3
supply

48 9.6
5*10

in
Li

VR k
I −= = = Ω   (6.24) 

The capacitors Cfi1 Cfi2 were selected to have the commercial value of 1uF so to maintain 

a good voltage average level with low ripple for both IC supply voltage Vcc and high side floating 

supply voltage VBS. 

The timing resistor and capacitor, Rrt and Cct were selected to provide the required 

oscillator frequency (switching frequency) which can be determined from the following equation 

and chart [136, 137]: 

 
1

1.3863* *rt ct

fs
R C

=   (6.25) 

 

Fig.  C.  10 -  Timing resistor  vs  Frequency,  adapted f rom [136] 

The commercial value of 330 pF was selected for the timing capacitor. To obtain the 

required switching frequency of 100 kHz, one still needs to determine the value of the timing 

resistor, which was obtained from the previous equation and chart and equals 21,86 kΩ. A variable 

resistor was used to provide the required timing resistor. At last, the gate resistances RG1 and RG2 

were selected to be 30 Ω, so to maintain a low amplitude of the negative voltage spikes that may 

appear on the Vs pin of the IR2153D [138].  
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Bias Winding Control 

As mentioned and introduced in section 4.3.4, the output current control of the converter 

was provided through the control of the bias winding of the VI using the hardware and analogic 

controller proposed in [82]. The components used to assemble this controller, and the controller 

itself, are shown as follows: 

1Ω 

10kΩ 

10kΩ 

20kΩ 3nF 

39kΩ 

LM358

0.1-0.35 V

LM358

T

T5 V

5 V
BD139

LacLbias

.
.

.

1Ω 

5 V

Variable 
Inductor

Error Amplifier/
Comparator

Voltage 
follower

External 
Power 
Source

Sense 
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Fig.  C.  11 -  Voltage-controlled current  source 

 

5 V

2.76kΩ 

0-212 Ω 0.1-0.35 V

Fig.  C.  12 -  Current  reference 

actuator 

The output current reference, in the range of 100 mA to 350 mA, was generated using the 

circuit shown in Fig. C. 12. 

 

The RSCC prototype was built on a perfboard, is shown and described below: 

Power 
Mosfets

Mosfets Driving Circuit

VI 1

VI 2

VI 1 Controller

VI 2 Controller

Outputs Circuit 
(capacitors, 

sense resistors, 
fuses and lamp 

terminals)
Resonant 

Caps

Diodes 1 and 2 
for both 
outputs

5 V regulation 
Circuit

 

Fig.  C.  13 -  RSCC - Practical  prototype implemented 
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C.3.1 – Final Assembly and Experimental Results 

 

After assembling all parts, the experimental tests were carried out using an experimental 

setup as shown below: 

 

 
Fig.  C.  14 -  Final  assembly and experimental  tests  setup 
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Several components and parameters have already been introduced, nevertheless in the 

following table are resumed the most relevant: 

 

 

 

 

 

Table K –Prototype main parameters  and components 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Description Specification 

Input Voltage 𝑉𝑉𝑖𝑖𝑖𝑖  =  48 V 

Switching 

frequency 
100 kHz 

Duty cycle 0.5 

Switches MOSFET IRF520, 9.2 A, 100 V, 0.27 Ω, N-channel 

Diodes BYC5D 500, 5 A, 500V 

Resonant 

Capacitor 
𝑓𝑓𝑟𝑟  =  0.47 µF, 100 V, film capacitor 

Variable Inductor 

𝐿𝐿𝑟𝑟 = 40 µH ~ 140 µH, 

 𝑁𝑁𝑎𝑎𝑎𝑎 = 35 turns, 0.63 𝑚𝑚𝑚𝑚,𝑅𝑅𝑎𝑎𝑎𝑎  𝑎𝑎𝑡𝑡 100 𝑘𝑘𝑘𝑘𝑘𝑘 ≈ 0.3 Ω 

𝑁𝑁𝑑𝑑𝑎𝑎 = 2 ∗ 71 turns,  0.315 𝑚𝑚𝑚𝑚,𝑅𝑅𝑑𝑑𝑎𝑎  𝑎𝑎𝑡𝑡 100 𝑘𝑘𝑘𝑘𝑘𝑘 ≈

1.29 Ω 

 𝐸𝐸𝐹𝐹𝐷𝐷 25/13/9 - air gap = 0,3 ∗ 2 𝑚𝑚𝑚𝑚 

Output Capacitor 𝑓𝑓𝑜𝑜 =  10 µF, 250 V,  film capacitor 

LED Branches (B1) 2x20 Golden Dragon Plus 3.2 V, 350 mA, 5000 k, 
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Complementary experimental waveforms 

 

C.4 – Lamp Illuminance Measurement 

 In order to estimate the luminous flux emitted by the LED lamp, which is required to 

confirm and validate the proposed dimming technique, an integrating sphere13 should be used, 

however this device was not available in the laboratory, and thereby, a similar device for the same 

purpose, was built. It consists on a cubic box, in which its interior surface is coated with white 

13 Integrating Sphere – is a device typically used for optical power measurement 

 

Fig.  C.  15 –  Output  capacitor  1  current ,  a t  maximum 
dimming level  and minimum dimming level ,  

respect ively,  ch.2-1 A/div and ch.3-0.5  A/div 
respect ively,  2 .5  µs/div 

 

Fig.  C.  16 -  Mosfet  2  gate  current  and gate-source 
voltage,  ch.3-200 mA/div and ch.4-10 V/div,  

respect ively,  2 .5  µs/div 

 

Fig.  C.  17 –  Diodes 1  and 2 current  at  minimum diming 
level conditions,  b lue and red curves,  respectively,  0 .5  

A/div,  5  µs/div 

 

 

Fig.  C.  18 -  Diodes 1  and 2 current  at  maximum diming 
level conditions,  b lue and red curves,  respectively,  0 .5  

A/div,  5  µs/div 
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paper, fully isolated from external light sources and with a small orifice to house a lux meter 

photocell. The built prototype, an “integrating cube”, is shown below: 

 

Fig.  C.  19 -  “Integrating cube” 

 

 

 

 

 

 

 

 

Fig .  C.  20 -  Lux meter  LX-101 14 

 

The “integrating cube” is by no means a perfect replacement of the integrating sphere. 

Nevertheless, it was decided to build and use it because its main purpose is to account for the 

relative changes in the luminous flux emitted and not to particularly find the exact values of the 

luminous flux. In fact, luminous flux was not directly measured, instead it was measured the 

illuminance, with the lux meter shown in the previous figure. 

14 This lux meter was lent for this work by courtesy of the professor Humberto Jorge by the “Laboratório de Gestão 

de Energia” of  the Electrical and Computers Engineering Department from University of Coimbra 
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As known, illuminance equals the luminous flux on a surface per unit area, i.e. lm/m2. 

Therefore, assuming (with only little error possibility) that, for LEDs nominal current value, the 

luminous flux value is the one given by the manufacturer’s datasheet a relation, Ci, which is 

constant and equals the equivalent surface area, between illuminance (Ev) and luminous flux (𝜙𝜙v) 

can be obtained using the following equation: 

 
8280[ ] 2.0495

101[ ] 40[ ]
v

i
v

E luxC
lm LEDsφ

= = =
⋅

  (6.26) 

where 8280 [lux] is the total illuminance measured with the lux meter at nominal lamp operation, 

101 [lm] is the luminous flux value given by the manufacturer for a single LED at nominal 

conditions and 40 is the total LEDs number of the lamp. The results obtained (input power and 

illuminance) and calculated (luminous flux) are shown in the following table: 

Average Lamp Input 

Power [W] 

Illuminance 

[lux] 

Luminous 

Flux [lm] 

13,564 3240 1581 

15,262 3600 1757 

17,153 3960 1932 

18,892 4220 2059 

20,733 4540 2215 

22,666 4840 2362 

24,354 5150 2513 

26,330 5460 2664 

28,208 5760 2810 

30,082 6040 2947 

32,045 6300 3074 

33,915 6540 3191 

35,388 6800 3318 

37,250 7040 3435 

38,954 7260 3542 

40,961 7500 3659 

42,812 7680 3747 

44,457 7920 3864 

46,108 8080 3942 

48,094 8280 4040 
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Fundamentals of electromagnetism may be introduced by, at first, by invoking the Gauss’s 

Law in its general form: this law states that the value (scalar) of the magnetic flux φ  which crosses 

a surface S  is related to the magnetic flux density as follows: 

 
s

B dSφ = ⋅∫


  (6.27) 

where the vector B


is the surface density of the magnetic flux and dS
 is the area element or vector 

with the direction normal to the surface element dS and magnitude equal to the area of dS . In the 

case where the flux density is uniform and perpendicular to the whole surface area A, the relation 

(6.27)  may be rewritten as follows: 

 BAφ =   (6.28) 

where B is the magnetic flux density. The next step is to relate linkage flux Ψ  with the magnetic 

flux density. To do so we shall recall the Faraday’s Law: a variable in time magnetic flux ( )tφ

crossing a winding, composed by a closed loop of wire, induces an inductive voltage15 ( )iv t in that 

wire and can be stated as follows: 

 (( ) )
i

dv
dt

tt φ
=   (6.29) 

If such winding has multiple and identical N turns, and if the flux varies at the same rate through 

each turn, the concept of total flux linkage Ψ shall be used. Basically, the flux linkage is N times 

larger than the flux crossing a single turn of the winding: 

 NΨ φ=   (6.30) 

so the expression (6.29) may be redefined as follows: 

 ( ) ( )( )i
d d tv t N

dt dt
t Ψφ

= =   (6.31) 

It’s important to notice that in the previous equation the DC resistance of the winding is neglected, 

otherwise the sum of the term ( )R i t⋅  would have to be included in the right side of the equation. 

15 The inductive induced voltage vi  is typically represented in literature by the symbolε preceded by a minus sign 
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In terms of magnetic field intensity ,H  we shall introduce it by recalling Ampere’s law in 

its general form: for any winding composed of a closed loop path with length l , the sum (integral) 

of the length elements times the magnetic field intensity vector equals the total current i flowing 

through that path times the number of turns N of the winding: 

 
l
H dl Ni⋅ =∫
 



  (6.32) 

Note that each term of the previous definition is equivalent to a source called 

magnetomotive force ℱ (mmf). Another common way to state Ampere’s law is as follows: 

 
l
B dl iµ⋅ =∫
 



  (6.33) 

whereµ is the permeability of the material/medium. Rearranging the equations (6.32) and (6.33) 

one may find the relation between B and H which results in the following equation: 

 B Hµ=   (6.34) 

The flux produced in a magnetic medium/material by a mmf depends, of course, on the 

material’s resistance which is so-called reluctance, (the inverse of reluctance is called 

permeance ). Essentially reluctance is a magnetic impedance, namely a measure of the 

opposition to flux within any region of a magnetic device. The mathematical and general definition 

of reluctance, considering a homogeneous material maybe be derived from the magnetomotive 

force definition as follows: 

 Hl l
BA Aφ µ

= = =
   (6.35) 

where l and A are the magnetic path length and constant cross-section of the material, respectively, 

andµ the permeability of the material. A simple look at the previous reluctance definition shows 

that this parameter is highly dependent on the type of the material and its shape/dimension. 

 Taking into account the equations (6.28), (6.34) and (6.35) the equation (3.1) may be easily 

rewritten as follows: 

 
2NL =


  (6.36) 
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