Q THE HONG KONG
Q' db POLYTECHNIC UNIVERSITY
v T T A

Pao Yue-kong Library
BIERIESE

Copyright Undertaking

This thesis is protected by copyright, with all rights reserved.
By reading and using the thesis, the reader understands and agrees to the following terms:

1. The reader will abide by the rules and legal ordinances governing copyright regarding the
use of the thesis.

2. The reader will use the thesis for the purpose of research or private study only and not for
distribution or further reproduction or any other purpose.

3. The reader agrees to indemnify and hold the University harmless from and against any loss,
damage, cost, liability or expenses arising from copyright infringement or unauthorized
usage.

If you have reasons to believe that any materials in this thesis are deemed not suitable to be
distributed in this form, or a copyright owner having difficulty with the material being included in
our database, please contact lbsys@polyu.edu.hk providing details. The Library will look into
your claim and consider taking remedial action upon receipt of the written requests.

Pao Yue-kong Library, The Hong Kong Polytechnic University, Hung Hom, Kowloon, Hong Kong

http://www.lib.polyu.edu.hk




The Hong Kong Polytechnic University

Department of Electronic and Information Engineering

Development and Design
of
Light-emitting-diode (LED) Lighting

Power Supplies

Xiaohui QU

A thesis submitted in partial fulfillment of the requirements for

the degree of Doctor of Philosophy

November 2009



CERTIFICATE OF ORIGINALITY

I hereby declare that this thesis is my own work and that, to the best of my
knowledge and belief, it reproduces no material previously published or written,
nor material that has been accepted for the award of any other degree or diploma,

except where due acknowledgement has been made in the text.

(Signed)

Xiaohui QU (Name of Student)




To my family



Abstract

Light-emitting-diode (LED) light sources, which are more compact, capable
to change color in real time, less dissipative and more durable, are finding more
applications than conventional light bulbs in domestic, commercial and indus-
trial environments. However, LEDs have nonlinear optical, thermal and electri-
cal characteristics, which are major hurdles for widespread lighting applications.
Specifically, stabilizing colors of LED lights is a challenging task, which includes
color light intensity control using switching mode power converters, color point
maintenance against LED junction temperature change, and limiting LED device
temperature to prolong LED lifetime. Also, requirements such as high power
factor, long lifetime, accurate current control and high efficiency pose challenges

to the design of LED ballast circuits.

This thesis is devoted to the study and design of effective LED lighting
systems to overcome the inherent deficiencies and provide solutions for modern
lighting applications. The main contributions of this thesis are summarized as

follows:

1. To stabilize the colors of LED lights, we present an LED junction temper-
ature measurement technique for a pulse-width-modulation (PWM) diode
forward current controlled red, green and blue (RGB) LED lighting system.
The technique has been automated and can stabilize the color effectively
without the need for using expensive feedback systems involving light sen-

sors. Performance in terms of chromaticity and luminance stability for a



temperature compensated RGB LED system will be presented.

. LED light sources have a long life expectancy. The lifetime of LED lumi-
naires are thus determined by their electronic ballasts. It is found that the
lifetime of power converters is limited by the high-voltage electrolytic ca-
pacitors which normally have the shortest lifetime compared to other com-
ponents in the system. A first-stage isolated power-factor-correction (PFC)
pre-regulator is proposed, which allows the storage capacitor to be located
in the secondary side of the isolation transformer. Low-voltage large ca-
pacitors of longer lifetime can therefore be used to extend the overall life-
time of the LED luminaires. Steady-state state-space averaging analysis is
performed for designing the converter in discontinuous conduction mode
(DCM). A prototype converter is built to verify performance of the pro-

posed PFC LED pre-regulator.

. The concept of secondary capacitors is extended to operate the same PFC
pre-regulator in continuous conduction mode (CCM) for high-power ap-
plications (> 300 W). The arrangement of power delivery is identified as
the first non-cascading structure. Two secondary transformer windings and
a post LED current driver are arranged to form a second non-cascading
structure to improve efficiency. Additional buck current drivers can be
connected in parallel to drive more LEDs independently. Since the energy
from one output winding can directly be used to drive the LED without

going through another power stage, a higher efficiency can be guaranteed.

. In applications with power lower than 25 W, the current harmonics require-
ments are less stringent as stated in some international standards. A high-
step-down-ratio and high-efficiency resonant assisted buck converter for
LED light sources is proposed, which also has the lifetime of capacitor
extended. The circuit is simple and efficient, without using isolation trans-

formers. Analysis and experimental verification are presented.
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R Resistive load
Rg Sensing resistor

P;,, P,  Input power, output power
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Chapter 1

Introduction

1.1 Motivation

The first electrical light source, the incandescent bulb, was invented by
Swan and Edison in 1879 [5-7]. The hot source filament is heated up to a high
temperature to emit light up to the human visible light spectrum. Approximately
90 % of the power consumed by an incandescent bulb is emitted as heat, rather

than visible light.

Gas discharge lamps date back to the beginning of the 20th Century [8,9]. In
1938, General Electric (GE) Company in Great Britain introduced low-pressure
mercury discharge lamps for commercial applications. The inside of the tube is
coated with a phosphor powder. Such lamps are called fluorescent lamps [10-12].
Mercury atoms and ions are excited through acceleration of electrons to emit UV
radiation which is converted to visible light using phosphor. Thus, the overall
luminous efficacy of gas discharge lamps is the product of radiation efficiency and
conversion efficiency. There is approximately 23 % of power converted to visible

light. Later, different types of gas discharge lamps, such as low-pressure sodium

1
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lamps, high-pressure discharge lamps [13, 14], high-intensity discharge (HID)
lamps [15], appeared with higher luminous efficiency. However, there has been
little efficacy improvement for the last ten years and very limited improvement is

expected for the future.

An alternative light source, semiconductor solid state light-emitting-diode
(LED) [16, 17], employs the effect of injection electroluminescence, which is a
process of generation of light utilizing a direct conversion of electrical energy
to potential energy of electrons. An LED is a direct band-gap semiconductor
p-n junction diode. When electric current flows through the junction, holes and
electrons are injected into the depletion region and go into the respective neutral
region. These diffused excess electrons and holes acquire potential energy equal
to the band gap energy and may recombine causing light emission. LEDs [18—
21] use charge injection to replace the energy-dissipative acceleration of charge
carriers in the light generation process, having theoretical radiative efficiency of
up to 100 %. Compared with other light sources, LEDs have luminous efficacy

grown exponentially as shown in Fig. 1.1.
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Figure 1.1: Comparison of luminous efficacy among different types of lighting
devices.

In 2008, lighting accounts for 22 % of the total electricity energy used in
the U.S. as reported by the Department of Energy (DOE) of the U.S. [22], as
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depicted in Fig. 1.2, and the demands for energy are increasing. To promote
more energy saving, there is a popular and prospective trend to employ more
energy efficient lighting alternatives and to gradually reduce energy inefficiecnt
incandescent bulbs. Some governments have introduced measures to phase out
incandescent lamps [23]. Brazil and Venezuela started to phase them out in
2005 [24], and other nations are scheduling phase-outs of incandescent lamps:
Australia, Ireland and Switzerland [25] in 2009, Argentina [26], Italy, Russia and
the United Kingdom [27] by 2011, Canada in 2012 [28], and the U.S. between
2012 and 2014. The Optoelectronics Industry Development Association (OIDA)
have forecast that solid stage lighting will exceed 25 % by 2015. During this
period, fluorescent lighting will tend to saturate at about 40 % of all lighting rev-
enues, while incandescent lighting will decline to 30 % share in 2015 as shown

in Fig. 1.3 [29].
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Figure 1.2: Distribution of electricity energy utilization in the U.S. in 2008
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With the rigid growth of technology in semiconductors [30-34], it is be-
lieved that LEDs will become a major lighting device in the coming years [35—
39]. Fig. 1.4 and Fig. 1.5 exhibit a variety of LED lamps and fixtures from dif-
ferent dominant manufacturers, such as Cree, Lumileds, Nichia, Osram, Lamina,
Soeul semi, etc. Table 1.1 gives typical LED lamps’ characteristics from these
manufactures recently, where the lumen per watt is catching up with florescent
lamps. Improvement in the light output of high flux LEDs are rapidly giving

rise to many new applications and products, particularly in the general illumina-
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Figure 1.3: Global market share 10 year forecast for lighting

tion area [40]. Besides, LED luminaires offer several desirable advantages over
the traditional lamps including compactness, lacking of UV and IR radiation,
longevity, mechanical ruggedness, fast response, reliability, mercury free, wide
color range, ease of control and instant color changing capacity. Consequently,
LEDs have great potential in numerous applications from traffic signal, signal-
ing, liquid-crystal-display (LCD) back lighting [41-43], detector system [44],
biomedical apparatus [45], general decorative illumination, etc. Therefore, more
and more investigations have focused on the new opportunities in lighting design,
control of the intensity and the color itself, and spatial distribution of light, along

with practical implementation of LED luminaires.

Figure 1.4: Various LED lamps from different manufacturers.

Despite considerable advantages, LEDs have inherent nonlinear character-
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Figure 1.5: Examples of commercial luminaires

Table 1.1: Typical LED lamp characteristic from some manufacturers.

Viewing Typical Lumens (Im) Typical | Typical | Typical | Therm. | Max.
White LED Angle | 350 500 700 1 1.41.52.85 | Current | Voltage | Power | Resist. | Junct.
Degrees | mMA mA mA A A A AA mA Vi (V) w °C/W °C CRI
Osram LW W5SM Cool 120 |52-97 104.3 350 32 1.1 6.5 125 80
LXLW-PWC1-0100 Cool 120 100 350 3 1.1 10 150 | 70
Lumileds LXML-PWC1-0100 Cool 140 100 180 350 3.15 1.1 10 150 | 70
LXK2-PWC4-0220 Cool 120 105 185220 300 1000 3.65 3.7 5.5 150 | 70
LXK2-PWW4-0180 Warm 120 85 150 180 250 1000 3.65 3.7 55 150 | 75
XR E Series Cool 90 107 350 33 1.2 8 150 | 75
XR E Series Warm 90 80.6 350 33 12 8 150 80
Cree MCE Ser?es Cool 110 107.5 350 32 1.1 3 150 75
MC E Series Warm 110 80 350 32 1.1 3 150 80
XP E Series Cool 115 114 350 32 1.1 9 150 | 75
XP E Series Warm 115 87.4 350 32 1.1 9 150 80
NS9W153MT Cool 120 350 350 10.5 3.7 10 150
NS3W183T Cool 120 120 350 35 1.2 15 135
Nichia NS3L183T-H3 Warm 120 95 350 35 1.2 15 135 85
NS6WO083BT Cool 120 100 300 33 1.0 10 120
Seoul Semi | W42180 Cool 127 100 350 3.25 1.1 72 145 75

istics varying with time, current, temperature and from device to device. As a
consequence, there are still some remaining issues involving optical, thermal,
electrical, and temporal behaviors to be solved in LEDs applications, before they

can be a dominant force in general illumination applications [46,47].

First of all, the accurate adjustment of desired color chromaticity and bright-
ness as well as good maintenance of the selected chromaticity and brightness
during operation is required in both display backlighting and general lighting. In
general, the desired color is a mixture of three primary colors, each with fixed
chromaticity, but with adjustable brightness. So red, green and blue (RGB) LEDs
can be used to mix color by calculating their respective required intensities and
then adjusting corresponding driving currents [48-51]. However, the output in-

tensity of LEDs is not an absolute and linear function of the driving current.
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Chromaticity of three color LEDs will shift at different currents [52]. There-
fore, the required brightness is not easy to calculate and fixed chromaticity may
not persist. To make things worse, the supplied electric power will heat up the
LEDs that results in junction temperature rise of several tens of degree Celsius,
depending on the thermal resistance of the device and its enclosure. The junction
temperature rise will lead to RGB primary chromaticity further shifting and their
emission intensity decreasing. The nonlinear relationships of light output inten-
sity and RGB chromaticity varying with driving current and junction temperature
make it complex to control the system because the impact is hard to be quantified.
Also, the severe problem of overheating may destroy the LEDs, or reduce their
lifetime [53, 54]. White light from RGB LEDs is not ideal for general lighting
which requires a spectrum of light that resembles the black body radiation for
better color rendering. An alternative simpler and cheaper method of generating
white light is to use a monochrome emitter such as a blue LED with phosphor

conversion.

LEDs need drivers to regulate the driving current [55]. Although it does not
demand high voltage for ignition like fluorescent [56—58] and other electrical dis-
charge lamps [59-63], in terms of device variation, driving a single or multiple
LED lamps from an offline power source to relatively low-voltage LED loads,
where the typical forward voltages of red, green, blue and white LEDs are 2.4
V, 3.55V,3.75V, and 3.75 V, poses challenges to the spower converter design
with desired performance, such as high power factor, low input current harmon-
ics, high electrical efficiency, accurate driving current, fast dynamic response, as
well as sufficient lifetime matching with that of LEDs in order to compete with
existing light sources. The highly temperature sensitive LED necessitates thermal

management and precision control methods for color maintenance.

Motivated by these challenges of using LEDs in practical implementations,
this project will investigate the characteristics and the decoupling of the influence

among electrical, thermal, and optical domains, with the ultimate aim to design
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an effective LED lighting system suitable for modern applications.

1.2 Literature Review

The first commercially usable LEDs were developed in the 1960’s. In fact,
due to their low luminous intensity and relative high cost, LEDs have been used
for low-brightness applications for decades. It is only recently that the widespread
application of LEDs becomes possible after the introduction of high-flux LEDs.
With the advancement of technology of new materials and manufacturing pro-
cesses, the high-flux LEDs are attracting more and more attention from both
academia and industry. In this section, a literature review will be given based
on the research in the recent decade. Two categories will be divided according to

color control methods and power converters for LEDs.

1.2.1 LED Color Control and Dimming Methods

The concept of color can be divided into two parts: chromaticity and bright-
ness (or luminance). In the RGB mixed-color system, all color can be acquired
by adjusting the different brightness of RGB LEDs, each of which should have
fixed chromaticity. Dimming methods are important to generate various colors
with corresponding brightness. Generally speaking, there are two approaches for

dimming an LED.

One can be accomplished by modulating the amplitude of the DC biasing
current for LED driving. This amplitude modulation (AM) can be easily imple-
mented by linear power supplies or the current feedback control loop in a power
converter. Sauerldnder et al. [64] observed and showed that diving an LED with
AM current has a better performance in luminous efficacy than other modulation

methods including pulse width modulation (PWM). However, AM is not suitable
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for applications where an accurate control of color chromaticity and brightness
is needed, e.g., for LCD displays, because the output lumen is not linearly pro-
portional to the driving current. Moreover, Muller-Mach et al. [65] showed that
the spectrum of InGaN-based blue LEDs shifts toward shorter wavelengths with
increasing the driving current. Similarly, the other color LEDs also have this
phenomenon. Dyble ef al. [52] did experiments to systematically quantify the
chromaticity shifts based on white LEDs when dimming using AM and PWM.
It was reported that the RGB mixed-color white LED system showed very large
chromaticity shifts, resulting from changes in spectral power distribution (SPD)
including amplitude, peak wavelength, and the shape of the spectrum. It is read-
ily understood that even small amplitude and peak wavelength position changes

of certain color LEDs can cause perceivable color changes [66,67].

The PWM method is another dimming scheme. During the turn-on dura-
tion, the current is constant and it assures a constant color chromaticity in the
International Commission on Illumination (CIE) gamut, without consideration
of temperature effects caused by heat during operation. PWM has the ability to
achieve lower current ranges and the linear control of light intensities compared
to AM. Usually, a modulation frequency higher than 100 Hz is used to prevent the
perception of individual light pulses, causing a flickering effect. Dyble e? al. [52]
also observed the chromaticity shift using PWM experimentally. But the chro-
maticity shift is not caused by the driving current but the junction temperature of
the LED. Nakamura et al. [68], Kish and Fletcher [69], and Tamura et al. [70] had
found that heat at junction of the LED would cause the spectrum to change am-
plitude, peak wavelength position and shape. Hong [71] investigated that RGB
LEDs had different sensitivities to heat: the light output of red LEDs changes
the most with heat, followed by green and blue. Therefore, for the mixed-color
RGB LED system, some active feedback system controls must be incorporated
to obtain the non-perceivable chromaticity shift. Currently, the chromaticity shift
caused by the PWM method is easier to correct than that by AM method. Thus,
PWM is commonly used for LED dimming [72-75].
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Although the nonlinearity of the forward driving current to the LED color
output can be reduced using PWM control of the fixed forward current drive,
the nonlinearity of the junction temperature to the LED output is still a remain-
ing hurdle for precise dimming. Thus, much research goes to search meth-
ods for acquiring the junction temperature of LEDs so as to utilize a junction
temperature-dependent luminous flux characteristic normally provided by manu-
facturer’s datasheet for the further control. Gu and Narendran et al. [76,77] pro-
posed a non-contact method for determining the junction temperature of phosphor-
converted white LEDs. But the methodology uses a wavelength shift to determine
the junction temperature and it is not easy to apply in consumer products. Pinho
et al. [78] determined the junction temperature using the heatsink temperature,
the thermal resistance, and the input power. But it totally depends on the thermal
resistance from junction to package of LEDs given in the datasheet and this can
cause measurement errors. Mineiro S4 Jr. et al. [79] proposed to explore the
linear function between the forward voltage and the junction temperature, where
the forward voltage is easily measured and then the junction temperature can be
determined by a linear function. The method allows discarding the influence of
the intrinsic series resistance of the LED in the mathematical model of the I-V
characteristic curve avoiding measurement errors. However, no information was
given on how to correct the influence of the junction temperature of LEDs espe-

cially when several LEDs share a common package and heat sink.

The feedback color control of RGB LED lamps is known to maintain the
color and the brightness accurately without information of the junction temper-
ature. Heatsink temperature feedforward, flux feedback, their combination, and
chromaticity coordinates feedback have been suggested previously as color con-
trol concept by Muthu et al. [48] and partly validated in [49-51, 80-85]. The
feedback controller can be accounted for using an or several optical sensor(s).
Detailed operation steps and control schemes are given in these papers, whilst
good system performance was also verified under dimming. However, as the

feedback control uses a light intensity sensor whose value varies as the LED
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dims down, measuring errors can be quite large when the intensity gets small.
Furthermore, optical sensors are also semiconductors and need calibration over

time, increasing the running cost.

Much prior work has been focused on the LEDs’ color control, eliminating
the complexity caused by temperature variation. Although the reported works
have dealt with their respective methodologies and design procedures, they are all
relatively complicated and expensive, preventing them from being widely used in

the application of LEDs.

1.2.2 Power Converters for LEDs

LEDs are operated at a voltage higher than their cut-in voltages, above
which their currents increase rapidly. Their powers are therefore better controlled
with current modulation. Connecting LEDs to the AC power grid, a voltage step-
down power converter is needed. This LED power converter must comply with
industry standards. The standards consist of current quality, power factor lim-
itation, current harmonics restriction, lifetime matching, conversion efficiency,

etc.

European Union has claimed that the input current harmonics of lighting
equipment must meet the requirements specified by EN 61000-3-2 Class C stan-
dard [86]. Much research has been directed toward power-factor-correction (PFC)
topologies [§7-91] and control schemes [92,93] in LED applications over the past
decades. Ye et al. [94] studied and compared several single-stage offline PFC pre-
regulators for driving LEDs, including boost converter, SEPIC converter [95],
forward converter, flyback converter [87], and half-bridge converter [90, 91].
These topologies are suitable for different power capacities and different cus-
tomer requirements. In general, these papers were devoted to improve power
factor (PF) and efficiency in the pre-regulator stage. Little attention was directed

to the LED current and the light control. Besides, these papers did not consider
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the lifetime of the converters whilst using high-voltage (up to 450 V) low-lifetime

electrolytic capacitors [96], which limited the lifetime of the converter.

Van der Broeckl et al. [97] removed the output capacitor from the converter
and fed LEDs directly by pulsating currents. Although LEDs show an extreme
fast light to current response, the color shift due to the pulsating current especially
in some topologies such as flyback converter cannot be neglected. Also, the low
input-voltage converter needs a front-end PFC pre-regulator, whose output charge
hold-up capacitor cannot be removed easily. Qin and Hui ef al. [98] proposed a
method to decrease charge hold-up capacitance so that high-capacity electrolytic
capacitors can be avoided and relative low-capacity long-lifetime polyester or
ceramic capacitors can be used. The disadvantage of the method is the increase
of inductance of the LC filter. The huge inductor is not acceptable. Gu et al.
[99] also proposed a method to reduce the storage capacitor in the PFC power
supply, sacrificing the performance of the input current. In this paper, a third
harmonic current was injected into the input current flow under the prerequisite
of ensuring the power factor and input current harmonics satisfying some current
limitations. As a result, the output voltage ripple could be broadened so that
the output capacitor could be reduced. A serious shortcoming is that the current

ripple flowing into the LEDs is too large, reducing luminous efficacy of the LEDs.

The above work generally uses LED strings connected in series so that the
output voltage can be as high as 40-50 V. This will facilitate the post-PFC DC/DC
converter design with higher efficiency and wider topology selection. Neverthe-
less, LED characteristics can vary from device to device. Thus, one driver per
LED chip would be preferable in terms of high color accuracy for sophisticated
lighting applications, like LCD display and general illumination. Driving such
LEDs from an offline power system to low-voltage loads will introduce many
challenges in the converter design. For instance, high voltage-conversion ratio
would be implemented by isolation transformer with high turns ratio, thus bring-

ing relatively large leakage inductance which needs passive snubber circuits in
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reducing either voltage or current stress [100]. In addition, snubber circuits will

decrease the efficiency and increase the cost of LED drivers.

Current control can be easily realized by using a current feedback control
loop in the power converter. Traditional control schemes including average-
current-mode control, peak-current-mode control, hysteresis-current-mode con-

trol and so on, are available in LED applications.

As a result, a durable LED driver system with high efficiency and inde-
pendent color or brightness control is still needed for modern and sophisticated

applications.

1.3 Obijective of the Thesis

The main objective of our work is to investigate the implementation issues
of high-brightness LEDs and develop effective LED lighting systems with the
motivation of improving the performance catering to different modern applica-
tions. Due to inherent nonlinear characteristics of LEDs, new methodologies
and concepts will be investigated to alleviate or eliminate the negative effects in
the accurate color and brightness realization. Likewise, device variation makes
a combination of LEDs connected in series or parallel working as a single load
driven by one LED driver not practical. On the contrary, one driver per LED in-
creases the size and the cost of the driver system in addition to the considerations

of electrical issues such as lifetime, efficiency, reliability, etc.

This thesis aims to provide design solutions for effective and simple LED
driver systems via decoupling and solving the above issues. Analytical studies
will be reported and experimental measurements will be provided to verify the

effectiveness and performance of the proposed systems.
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1.4 OQOutline of the Thesis

This thesis is organized as follows.

Chapter 1 introduces the recent development of high-power LEDs for solid
state lighting. A literature review on the illumination technology of LEDs in the
recent decade is provided. The potential improvement of LED lighting systems
is discussed. The research motivation and objectives, as well as an outline of this

thesis are presented.

Chapter 2 describes the fundamental aspects of high-brightness LEDs, in-
cluding physical, electrical, thermal and optical characteristics and their compari-
son with other kinds of light sources. Some basic colorimetry principles are given
to evaluate light generated uniquely by LEDs. The demands for LED applications
are detailed and the construction of an effective LED system is identified as the

research subject.

Chapter 3 proposes a simple and practical temperature measurement tech-
nique for color control to overcome the thermal drifts of color and brightness of
LEDs. The operation principle and implementation technique are outlined. The

effectiveness of the technique is experimentally verified.

Chapter 4 analyzes the challenges in the design of power converters for LED
lighting applications. A new low-power isolated PFC pre-regulator is proposed.
The pre-regulator allows longer-lifetime, lower-voltage charge storage capacitor
to be used in the transformer secondary extending the system lifetime. Voltage
and current stresses for power devices have been estimated and experimentally

verified.

Chapter 5 extends the power level of the circuit described in Chapter 4.
Details on the development of the non-cascading construction to achieve high

running efficiency of the whole LED ballast without additional cost are given.
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Chapter 6 proposes a high-step-down-ratio and high-efficiency resonant as-
sisted buck converter for offline driving of high-brightness LED light sources.
The transformerless design allows efficiency gain in non-isolated applications.
The elimination of high ripple currents on the storage capacitor can extend the
capacitor lifetime to match that of LEDs. The resonance makes sure that the free-
wheeling current partly flows across the low-voltage Schottky diode to further
reduce loss. A prototype converter is built to verify performance of the proposed

LED ballast.

Finally, Chapter 7 gives a conclusion to the thesis. The major work and

contributions are reiterated. Some suggestions for future research are given.



Chapter 2

Basics of LEDs

In this chapter, the physics of the LED device is introduced. A detailed
discussion focusing on thermal, optical and electrical characteristics of LEDs is
given. The methodology of using RGB tricolor LEDs to generate color lights,
along with some technical specifications for LED applications is described. Fi-

nally, the goals in constructing an illustrative LED system is identified.

2.1 Physical Principle of LEDs

LEDs are electroluminescence light sources in contrast to pyroluminescence
incandescent lamps and photoluminescence fluorescent lamps. The essence to
electroluminescence is the charge carrier injection across a p-n junction into a
zone where the injected carriers can convert their excess energy to light. The

process is the principle of light emission in diodes and detailed as follows.

The so-called p-n junction is a junction formed by combining P-type and
N-type semiconductors together in very close contact. Due to different doped

materials, P-type semiconductor has the majority carriers being holes and the mi-

15
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nority carriers being electrons whilst N-type semiconductor has the contrary ones.
In a p-n junction, without an external applied voltage, an equilibrium condition
is reached in which a potential difference called diffusion voltage Vp is formed
across the junction. Electrons near the p-n junction interface tend to diffuse into
the P region. As electrons diffuse, they leave positively charged ions (donors) in
the N region. Similarly, holes near the p-n interface begin to diffuse into the N
region leaving negatively charged ions (acceptors) in the P region. The regions
nearby the p-n interfaces lose their neutrality and become charged, forming the
space charge region or depletion region, whereas the left P region and N region

are kept neutral.
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Figure 2.1: Effects of bias at the p-n junction of LED.

If an external bias is applied in forward direction (P region positive, N region
negative) as shown in Fig. 2.1, the barrier height in the energy axis will reduce.
If the forward bias is comparable with 22, where E, is the minimum band gap
energy of the semiconductor material, the barrier height becomes small enough
that a large amount of electrons are injected into the P region and holes into the

N region. The excess diffusion of majority carriers will reduce the width of space
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charge region and lead to weaker inner electric field strength with the increasing
forward bias voltage. When a diffusing electron meets a hole in the space charge
region, it falls from high occupied conduction band into a lower energy level,
valence band, and releases energy in the form of photons. This action is known

as radiative combination.

Not all electron-hole recombination emits lights. During non-radiative re-
combination, the electron energy is converted to heat, not lights. Usually, defects
in the crystal are the most common cause for non-radiative recombination. These
defects have energy level structures that are different from substitutional semi-
conductor atoms. Typical non-radiative transitions may take place via such deep
levels (traps), as shown in the lower part of Fig. 2.1, or localized shallow state due
to an impurity atom [101]. In light-emitting devices, non-radiative recombination
events are indubitably unwanted. Some technologies in fabrication of LEDs aim

to maximize the radiative process and minimize the non-radiative process.

If a reverse bias is applied, like the other common diodes, the majority car-
rier diffusion is prohibited due to the negative external electric field which forces
the minority carriers to drift to corresponding regions so that the minimal re-
verse electric current flows across the p-n junction, called saturated current. The
strength of the inner electric field increases as the reverse-bias voltage increases.
Once the electric field intensity increases beyond a critical level, the p-n junc-
tion depletion zone breaks-down and current begins to flow, usually by either the
zener or avalanche breakdown processes. Both of these breakdown processes are
non-destructive and are reversible and the semiconductor will fail if excessive

current is allowed.
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2.2 Materials for LEDs

To have radiative emission, the band gap energy of the material must be at
least equal to the required photon energy. Denoting A as the wavelength of the

light emitted, the minimum band gap energy £ is:
E,=— 2.1

where h is Planck’s Constant, and c is the speed of light in vacuum. Thus, the
wavelength of light emitted, and therefore its color, depend on the band gap en-
ergy of material forming the p-n junction. Certainly, the band gap energy depends

on the semiconductor materials.

The basic materials for nearly all LEDs belong to the large class of group
[II-V compounds. LED development began with infrared and red devices made
with GaAs. Advances in materials science have made possible the production of
devices with ever-shorter wavelengths, producing light in a variety of colors. Cur-
rent high brightness LEDs rely on three III-V heterostructure material systems,
which are AlGaAs, AlGalnP and AlGalnN. AlGaAs LEDs emit red light. Col-
ors of AlGalnP LEDs are mainly red, red-orange, or yellow and AlGalnN LEDs
are for green, blue or white colors. They cover all the spectrum of visible lights
that human eyes can perceive. The most recent development of the nitride mate-
rial system yielded blue and near-UV LEDs, which made possible generation of

white light.

2.3 Opto-Electrical Properties of LEDs

Because LEDs are direct band-gap semiconductor p-n junction, its energy
band gap changes with temperature and current. This results in changes in the

optical and electrical characteristics of LEDs. The detailed properties and perfor-
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mance of LEDs are introduced as follows.

2.3.1  Current-Voltage Characteristic

The current-voltage (I-V) characteristic of LEDs accords with that of a com-

mon p-n junction. Its functional equation can be described as:

I = Ig(exp - — 1) (2.2)

where [g is the diode’s reverse saturation current, k is Boltzmann’s constant, n is

the ideality factor and 7} is junction temperature in Kelvin scale.

Under reverse-bias conditions, V' is negative and diode current saturates.
Is is dependent on many factors such as the active region area, charge carriers
concentrations and their lifetimes. Under typical forward-bias conditions, the ex-
ponent of the exponential function in Eq. (2.2) illustrates that the current strongly
increases as the diode voltage becomes large. It is noted that there is a voltage
at which the current begins to increase rapidly, named as threshold voltage, V;y,.
This voltage can be given by V;;, = Vp = %, determined by the semiconductor
materials. Fig. 2.2 shows three [-V characteristics of RGB LEDs made from dif-
ferent materials. Along with different values of band gap energy, the red, green

and blue LEDs have different threshold voltages.

Eq. (2.2) indicates that the I-V curve is affected by junction temperature
T}, which is actually the temperature of the active region crystal lattice. Junction
temperature is a critical parameter to the LED characteristics. Heat contributed
to junction temperature can be generated in the contacts, cladding layers, and
the active region. The heat in the LED die can be diffused only by heat sink or
external cooling whereas the conventional lamps can emit most heat by radiation.
High junction temperature leads to low forward voltage when a constant forward

current flows across the semiconductor. Fig. 2.3 demonstrates the characteristic
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Figure 2.2: Forward current v.s. forward voltage of Lamina BL.-4000 RGB LEDs
at 25 °C ambient temperature. For each color, LEDs have 2 diodes connected in
series [1].

variation on a sample red LED semiconductor due to the junction temperature

change via adjusting the heat sink temperature.
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Figure 2.3: Forward current v.s. forward voltage of red Lamp in the package of
Lamina NT-43F0-0424 RGB LEDs at different heat sink temperatures [2].

2.3.2 Luminous Flux Emission

From the previous elucidation, the active region of an ideal LED emits one
photon for every electron injected. Thus, the ideal active region has an internal

quantum efficiency of unity. Higher injection current denotes more recombina-



Chapter 2. Basics of LEDs 21

tion of electron-hole pairs and more simultaneous emission of photons. Photons
emitted by the active region should escape from the LED die. In an ideal LED,
all photons emitted by the active region are also emitted into free space. Such an
LED has unity extraction efficiency. However, in a real LED, light emitted by the
active region may be reabsorbed in the substrate of the LED or reflected back to
the substrate, referred to as total internal reflection. Such possible mechanisms
reduce the ability of light to escape from the semiconductor into the free space.
The optical flux, also called radical flux, is the light power of a source emitted

into the free space with the unit of watt (W). It is a radiometric quantity.

The recipient of the light is the human eye. It is observed that sensitivity of
the human eye varies with the light wavelength. The luminous efficiency function
or eye sensitivity function, V' (), provides the conversion between radiometry

and photometry.

Luminous flux is a photometric quantity, representing the light power of a
source perceived by the human eye. The unit of luminous flux is the lumen (Im).
It is defined as follows: a monochromatic light source emitting an optical power
of (1/683) watt at 555 nm has a luminous flux of 1 lumen. Accordingly, luminous

flux, P, is obtained from the radiometric light power using the equation:
Im
B — 6332 / VPN, 2.3)
Wi

where P()) is the spectral power density, i.e., the light power emitted per unit

wavelength. Meanwhile, the optical power emitted by a light source is given by

P = / P(N\)dA (2.4)
A

Luminous efficacy is defined as below with the unit of Im/W.

o Im [, V(A)P(A)dA
P~y AfAP(A)d)\ ’

luminous efficacy = (2.5)
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Larger injection current increases the amount of photons released, therefore
luminous flux. But the luminous flux is not linear with the injected current. This
is caused by the reduced internal quantum efficiency, where the increased injec-
tion electrons increase the chance of non-radiative recombination. Fig. 2.4 shows
the trends of luminous flux with the increasing forward current at the junction

temperature of 25 °C.
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Figure 2.4: Luminous flux v.s. forward current of Lamina NT-43F0-0424 RGB
LEDs at junction temperature 7; = 25 °C [2].

Moveover, the internal quantum efficiency also depends on the junction tem-
perature. Fig. 2.5 depicts the luminous flux degradation due to the increasing

junction temperature.
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Figure 2.5: Normalized flux v.s. junction temperature of Lamina NT-43F0-0424
RGB LEDs at forward current /r = 350 mA [2].
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2.3.3 Light Spectrum Characteristic

The spectrum of LED emission is relatively narrow compared with the range
of the entire visible spectrum (from 370 nm to 830 nm), and therefore LED emis-
sion is perceived by the human eye as monochromatic. The dominant emission
wavelength depends on the band gap energy of an LED semiconductor. Hereby,
the dominant wavelength of LED spectra will shift with the junction temperature
and the driving current. It is reported that the dominant wavelength will shift
toward longer wavelengths with increasing temperature [49]. Fig. 2.6 shows the
dominant wavelength shifts with the junction temperature and the forward cur-
rent. The wavelength shift is large up to ten nanometer that color point variation

of the emitted light may be perceived by the human eye.

2.3.4 Lifetime and Failure

LEDs have preponderant long lifetime up to 100,000 hours, competing with
other lamps such as incandescent lamps with only 1000 hours, fluorescent lamps

with about 20,000 hours, and HID lamps with 30,000 hours.

The most common symptom of LED failure is the gradual lowering of the
light output and the efficiency loss. Sudden failure, unlike incandescent and fluo-
rescent lamps, is rare. To quantitatively classify lifetime in a standardized manner
it has been suggested to use the terms L75 and L50 which are the times it will
take for a given LED to reach 75 % and 50 % light output respectively. With the
development of high-power LEDs, the devices are subjected to higher junction
temperatures and higher current densities than traditional devices. This will cause
stress on the material and may cause early light-output degradation, as shown in

Fig. 2.7.
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Figure 2.6: Dominant wavelength shift of Seoul Semi Z-Power LEDs [3]. (a)
Dominant wavelength shift v.s. junction temperature at forward current [/ = 350

mA. (b) Dominant wavelength shift v.s. forward current at ambient temperature
Ty =25°C.

2.4 Color and White Light with LEDs

LEDs are monochromatic light sources. Mixing different monochromatic
LEDs can produce color lights, including white light. To quantify the sensation
of color, CIE has defined color spaces and standardized the measurement of color

by means of color-matching functions and chromaticity diagrams.
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Figure 2.7: Useful lifetime of an Lumileds Luxeon K2 white LED [4]. (a) For
different junction temperatures at /r = 1.5 A. (b) For different forward currents

at T; = 125 °C.

The CIE 1931 XYZ color space is one of color spaces, which uses three

tristimulus X, Y, and Z to describe a color sensation. The tristimulus values of

a color are the amounts of three RGB primary colors (ideal and not existent in

the light spectrum) in a three-component additive color model needed to match

that test color. Color-matching functions, called Z(\), y(A), and Z(\), are the

numerical description of the chromatic response of the CIE standard observer.

For a given spectral power density, P(\), the degree of stimulation required to
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match the color of P()\) is given by

Z(A) P(\)dA (2.6)

The CIE XYZ color space was deliberately designed so that the Y parameter
was a measure of the brightness or luminance of a color. The chromaticity of a
color was then specified by the two derived chromaticity coordinates v and v’ in

Eq. (2.7).

, 41X
T X T 1Y +37
9y
' 27
T X Y15y +32 27

The relative CIE 1976 (u/, v") chromaticity diagram can be plotted as shown
in Fig. 2.8. Monochromatic or pure colors are found on the perimeter of the
chromaticity diagram. White light is found in the middle of the diagram. All
visible colors can be characterized in terms of their locations in the chromaticity

diagram.

From Eqgs. (2.6) and (2.7), the chromaticity coordinate of light is a linear
combination of the individual chromaticity coordinates. The principle of color
mixing in the chromaticity diagram is shown in Fig. 2.8. The mixing of two
colors will produce all colors in the straight line connecting the chromaticity co-
ordinates of the two colors. Likewise, three colors, typical RGB colors, will be
mixed to generate all colors in the enclosed triangle, called color gamut. The
mixing of multi-component light has the same principle. Usually, RGB color
mixing is commonly used in practice to produce the color or white light. Ad-

justing the intensities of RGB LEDs, the color of mixed light can be changed
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Figure 2.8: CIE 1976 (u/,v") chromaticity diagram. The outer curved boundary
is the monochromatic locus with wavelengths shown in nanometers.

instantly. Besides using RGB color-mixing, there is another method to make
white light, namely phosphor-conversion LEDs. A blue or UV LED is utilized
to emit the blue or UV light, which excites the phosphor and emits light with a

longer wavelength. The synthetical light is white light.

There are several qualified indexes in colorimetry to define and quantify the
light quality. According to these indexes, some international standards guide the

manufacturers for qualifying LED luminaires.

Color Difference

Human eyes can detect color changes. The color difference of two light
colors in the CIE 1976 chromaticity diagram is the distance between chromaticity

coordinates of two colors and can be represented by Au'v’ where

Au'v' = /(v —ul)? + (v — )2 (2.8)
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(ul,v!) is the acquired chromaticity coordinate and (v, v’) is the chromaticity
coordinate of the measured light. The CIE (v, v) chromaticity diagram provides
the color difference perceived by human eyes, which is approximately propor-
tional to the geometric distance. Usually, a color distance of Au'v" < 0.0035 is

indistinguishable to human eyes.

Color Rendering Index

The white light used for illumination has to hold the ability to properly
render the true color of the objects irradiated by the white light. The ability to
render the color of an object is assessed in terms of color rendering index (CRI).
CRI can be labeled from 0 to 100. A higher CRI denotes a better color rendering
ability, which means that the light source is closer to sunlight and suitable for
illumination. Incandescent lights are regarded as approximate sunlight with CRI
of 100. Nowadays, white LEDs have a relatively high CRI of more than 75, as

shown in Table. 1.1.

Correlated Color Temperature

Relying on the color-mixing mechanism, every color point including the
white color in the chromaticity diagram will have a number of optical spectra to
generate the light at this chromaticity coordinate. To standardize the spectrum
of the white light, the Planckian black-body radiation spectrum is used as one
standard, which is changing only with the temperature of the body, namely color
temperature. With increasing temperature, the wavelength of the black-body ra-
diation spectrum becomes shorter. Therefore, a series of points are located in the
chromaticity diagram at different temperatures and the trace is called Planckian
locus. If the color of white light is not located on the locus, but close to the curve,

correlated color temperature (CCT) is used to define its color temperature, whose
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color coordinate is closest to the color of the evaluated white color.

2.5 Requirements for LED Luminaires

LED luminaire is a complete LED lighting system consisting of a light
source and a driver (or ballast) together with parts to distribute light, to position
and protect the light source, and to connect the light source to the electrical power
grid. To utilize the LED luminaires reasonably, some international commissions
have made lighting industry reference standards and require the products to meet
the criteria. Typically, there are two well-known standards: Energy Star program
requirements for solid state lightings (SSL) specified by Department of Energy,

U.S. [102] and International Electrotechnical Commission (IEC) standards [103].

The Energy Star criteria cover the requirements for SSL products used for
general illumination, including those with significant decorative functions. It
does not apply to the indication applications such as traffic lights and exit signs.
The requirements can be divided into two parts focusing on LED light sources
and ballasts. For the LED light sources, CCT must accord with one of the 8 nom-
inal CCTs within an accepted tolerance: 2700 K, 3000 K, 3500 K, 4000 K, 4500
K, 5000 K, 5700 K, 6500 K. CRI is no less than 75 for indoor applications. Life-
time, defined as the duration within which the output lumen is kept to 70 % of the
initial lumens, must compete with 35,000 hours. Moreover, over the lifetime, the
change of chromaticity should be within 0.007 and the variation of chromatic-
ity in different directions should be within 0.004 on the CIE (’, v") chromaticity
diagram. Besides, additional requirements for CCT, luminaire efficiency, zonal
lumen density, and minimum light output are defined for some special applica-

tions, for example, portable desk task lights, outdoor pathway lights and so on.

For the power supply requirements, the power factor must be no less than

0.9 for commercial products and 0.7 for residential products. The operating fre-
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quency of LEDs should be above 100 Hz to avoid visible flickers. The minimum
operation temperature, noise and transient response are also taken into consider-

ation.

IEC publishes international standards for all electrical, electronic and re-
lated technologies. IEC standards are categorized by assessment functions. There-
fore, the following reference documents apply to LED luminaires. EN 60598
[104] specifies general requirements for luminaires covering classification, mark-
ing, mechanical and electrical constructions, where luminaires can be incandes-
cent, fluorescent, HID, and LED lamps. 25 subsections are grouped by a par-
ticular usage, e.g. floodlight and hand-lamps, and additional requirements are
added and detailed in each subsection. EN 62031 [105] is a safety standard for
LED modules for general lighting applications. The standard presents the tech-
nical knowledge from the fields of the semiconductor industry and those of the
traditional electrical lamps. Also, EN61347 part 2-13 [106] specifies particular
safety requirements for the electronic control gear of LED modules. Moreover,
emission of radio-frequency disturbances from all lighting equipment is limited
in EN 55015 [107] and electromagnetic compatibility requirements are listed in

EN 61000 [86].

In particular, EN 61000 part 3-2 applies to all kinds of electrical and elec-
tronic equipment that have an input current of up to 16 A per phase and deals
with the limits of harmonic currents injected into the public supply system. Un-
like the power factor requirement of Energy Star, it specifies limits of harmonic
components of the input current which may be produced by different types of
equipment. The standard establishes 4 classes of equipment, each with its own
harmonic emission limits. All kinds of lighting equipment including dimmers
with input power above 25 W should comply with Class C limits while the equip-
ment with power below 25 W should satisfy Class D limits. The harmonic limit

of each order is listed in Table. 2.1.

Although IEC has not proposed rigorous requirements about the LED light
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Table 2.1: Current limits for lighting equipment with Class C (> 25 W) and Class
D (<25 W).

Harmonic Maximum permissible Harmonic ~ Maximum permissible

order harmonic current (%) order harmonic current

n for Class C n (mA/W) for Class D
2 2
3 30 - circuit power factor 3 34
5 10 5 1.9
7 7 7 1.0
9 5 9 0.5

11 <n<39 3 11 0.35

(odd only) 13<n<39 3.85/n
(odd only)

quality, good quality of input current is imposed in the design of electric ballasts
by both commissions. To shape the input current, the PFC pre-regulators become
necessary in electric ballasts. The principles of different PFC techniques, such as
average current control, current programmed control, critical conduction mode
and hysteretic control etc, as well as the basics of the power converters can easily
be found in [108, 109]. And for cost and maintenance consideration, the electric
ballast must have size saving, longevity matching with that of LED sources and

high efficiency for energy saving.

2.6 Summary

In this chapter, we have briefly reviewed the thermal, electrical and optical
characteristics of LEDs. The optical to thermal and electrical characteristics are
nonlinear. Our focus in this research is to find techniques which can overcome the
nonlinearities and construct an effective LED driver system to meet the require-
ments of different applications. In Chapter 3, an effective color control method
using a junction temperature measurement technique is proposed, analyzed, and
experimentally verified. Combined with the color control method, LED ballasts

are explored with independent brightness control in Chapter 4 and further effi-
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ciency improvement in Chapter 5. In Chapter 6, we propose an economical and
high-efficiency LED ballast for general applications supporting ordinary incan-

descent dimming devices.



Chapter 3

Light Color Stabilization Using Tem-

perature Measurement Technique

3.1 Introduction

In Chapter 2, LEDs are introduced as direct band-gap semiconductor p-n
junction diodes. The band gap of the semiconductor, controlled by mixing differ-
ent proportions of III-V elements from the Periodic Table, defines the light color
frequency of the diode. The band gap of the LED therefore changes from time
to time during operation where the junction temperature changes with the power
dissipation and the ambient temperature. The LED junction temperature estima-
tion has been done using linear current drivers [79]. However, in practice, LEDs
are often driven by switching power converters for the better efficiency, causing
difficulties in measuring signals buried in the noisy switching environment. This
also poses engineering challenges in correcting color drifts due to device and

temperature variations.

In this chapter, we will focus on the color drift due to the temperature vari-

33
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ation. The nonlinearity of the forward driving current to the LED light and the
color output can be reduced dramatically using the PWM control of the fixed
forward current drive, resulting in a one-step calibration of the device variation
compensation at some chosen light intensity outputs. A simple and practical
technique for color control is proposed here by measuring the optical and elec-
trical characteristics of the LED during the turn-on duration of the PWM for-
ward driving current. The forward-voltage-to-junction-temperature variation is
roughly linear under the fixed driving current. This property has been widely
exploited for sensing the ambient temperature. Thus, the temperature compensa-
tion can be achieved by detecting instantly the diode forward voltage with some

proper noise reduction techniques.

Section 4.2 gives an overview of the RGB LED color lighting system. The
LED diode junction temperature compensation technique is given in Section 3.3.
Implementation details of the system are given in Section 3.4. The performance
of the proposed compensation technique is evaluated in Section 3.5. Section 3.6

concludes this chapter.

3.2 Overview of RGB LED Color Control

The data points on the CIE 1976 chromaticity diagram shown in Fig. 3.1
give the color coordinates (u',v") of typical red, green and blue LEDs having
wavelengths from 380 nm to 700 nm for a step size of 5 nm. The diagram was
made in a way to give an even color perceptible difference for the distance of two
color points independent of the absolute positions of the color points. A color

distance of Au'v' = /(Au’)2 + (Av')? < 0.0035 is indistinguishable to human

eyes. Errors within this small distance are considered very acceptable for most
applications. Mixing the light intensity of the three LEDs having wavelengths
of 624 nm, 525 nm and 465 nm can produce all colors within the triangle whose

corners are at the color coordinates of the RGB LEDs. The color accuracy of light
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Figure 3.1: Color coordinates of typical LED of center wavelengths ranging from
700 nm to 380 nm. Adjacent dots are separated by 5 nm in center wavelength.
LEDs with center wavelengths of 624 nm (red), 525 nm (green) and 465 nm
(blue) can generate color points such as white, light red, light green and light
blue within the triangle shown in this figure.

mixed by the RGB LED:s is therefore dependent on 1) the stability of the color
points of the RGB LEDs; and 2) the accuracy of LED light dimming method.

The color accuracy at color points of white, light red, light green and light
blue within the triangle in Fig. 3.1 will be used for the evaluation of the proposed

compensation technique in Section 3.5.

We assume that the light stability of color points of LEDs is largely de-
pendent on the junction temperatures Tk, T and Tz of the red, green, and blue
diodes. Like in other previous studies [19,42, 46,49, 50,90, 110], the effects of
component aging are ignored here. Such effects can be compensated using a sim-
ilar technique here and taking into consideration the thermal history in relation to
device aging. Alternatively, the aging speed can be effectively controlled by lim-
iting the LED temperatures below a maximum threshold. The aging process thus
is very slow and does not affect the result of our proposed temperature compen-

sation technique. If desired, it can also be compensated by regular calibrations
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using additional LED light measurement fixtures for specific applications.

An intended light output is usually expressed in terms of the so called fris-
timulus, denoted by X = (X Y Z)', and also the dimming factor, denoted by
d = (d, d, dp)" and given by

d= fr(X), (3.1

where f is a column vector function whose parameters change with T', which
is a column vector of the LED junction temperatures, i.e., T' = (T Tg Tg)".

Note that T" depends on both d and the ambient temperature.

Without precise information of the temperature change inside the LED diode
junction, the control of the light output from Eq. (3.1) can only be achieved by
a feedback loop that senses the light outputs from the RGB LEDs and adjusts
the control parameter d to compensate for the light output drifts as defined from
S [49]. Indirect temperature compensation techniques like sensing the temper-
ature of the heat sink on which the LEDs are mounted [50, 111] may suffer from
poor response to the change in temperature [110]. Although the method used
in [110] measures the LED forward voltage directly, it does not use PWM control
for simplicity. The method of two-diode driving voltages [19] may cause exces-
sive errors in estimating the diode junction temperature and increase the system

complexity. Thus, light sensing is still important for ensuring high performance.

3.3 Technique of Junction Temperature Compen-

sation and Experimental Measurements

Eq. (3.1) can be highly nonlinear if inappropriate control methods and/or
working color ranges are used [110]. It is widely known that dimming using

PWM is preferred over the use of amplitude modulation because of the linear
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relationship between the duty cycle d and the LED color light output. We have
confirmed this by experimental measurement, as shown in Figs. 3.2 (a), (b) and
(c). The tristimulus X = (X Y Z)' changes linearly with the junction tempera-
ture and hence also with the A/D converted values of RGB diode voltages when
drivers operate at a stable duty cycle as in Fig. 3.2 (d). Also, the tristimulus X
changes linearly with the duty cycle at a stable junction temperature. Measure-
ment errors due to switching noise and digitization can be reduced by the method
of boxcar averaging. So, we can simply measure the above linear correspondence
at several duty cycle values, such as in Figs. 3.2 (a), (b) and (c) and derive the cor-
responding tristimulus at the other duty cycle values accordingly. The linearity of
the dependence of RGB lights on the RGB diode voltages makes programming
very simple. Moreover, the color points of the LEDs with center wavelengths
of 624 nm (red), 525 nm (green) and 465 nm (blue) in Fig. 3.1 drifts with the
increase in junction temperature caused by heat sink temperature are very sig-
nificant, as illustrated in Fig. 3.3 where the color variation Auv’ can be as high
as 0.026 for a change of heat sink temperature from 30 °C to 82 °C for the blue
LED.

We use the Lamina BL-4000 RGB LED light engine [1] to illustrate how
essential parameters contained in f- of Eq. (3.1) can be found. Each color chan-
nel of the RGB LED consists of a series connection of two corresponding color
LEDs. The LEDs behave essentially as diodes with a higher cut-in voltage. At
a typical driving current of 350 mA to each color channel, the LED produces
forward diode voltages of 4.5V, 6.7 V and 7.6 V for red, green and blue channel
LEDs respectively. At this driving current, they consume a total electrical power
of 6.7 W and provide a total luminous flux of 120 Im. At any forward diode
voltage below 3 V, the LEDs consume virtually no electrical power. In our ex-
perimental setup, a constant current of 330 mA during the turn-on duration of the
PWM cycle is applied to all the red, green and blue LEDs at ambient tempera-
ture. We have measured data indicated in Figs. 3.2 (a), (b) and (c) to obtain X,

X o4, and X, versus diode forward voltages of the LEDs, i.e., Vg, Vy, and Vg,
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Figure 3.2: Experimental light tristimulus X versus diode voltage (digital) of (a)
red LED light, (b) green LED light and (c) blue LED light at different duty cy-
cles. Diamonds, circles and triangles are data points for X, Y and Z respectively
and lines are fitted with the data points. Duty cycles are descending from top to
bottom with d = 1.0 to d = 0.4 respectively for each component in X . Note that
Z in X of red light is almost zero and not shown in this figure. (d) gives rela-
tionships between actual (two diodes in series connection) diode forward voltage
and digital temperature Vy; for ¢ = r, g, b. The data points in (d) are measured
using heat sink temperature as variation parameter ranging from 20 °C to 75 °C
in obtaining the corresponding diode forward voltages (junction temperatures).

at (d,,dg, dp) =(1,1, 1), (0.8, 0.8, 0.8), (0.6, 0.6, 0.6), and (0.4, 0.4, 0.4). We use
the LED heat sink temperature as the variation parameter. Sufficient time is al-
lowed for the forward diode voltages to settle down before taking measurements.

Thus, diode forward voltages (junction temperatures) are measured with one-to-
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Figure 3.3: Evaluation of color points of the LEDs with center wavelengths of
624 nm (red), 525 nm (green) and 465 nm (blue), marked with small diamonds,
changing with different heat sink temperatures for a constant current driven (a)
red (b) blue and (c) green LEDs. Lines are least-square-fits of data points us-
ing second degree polynomials. Shown in (d) are corresponding drifts of color
points relative to the color point at heat sink temperature of 30 °C. Note that the
color space of CIE 1976 uniform chromaticity scale is used here to give an even
perceptual color difference.

one correspondence to heat sink temperatures. We will show later in Section 3.4
that heat sink temperature and junction temperatures indicated by diode forward

voltages can vary differently depending on diode working conditions.
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As explained in Section 3.2, the mixed color is therefore given as

Xo Xor Xog Xob
Y, | =dr| Yo, [ +tdy| Yoy | Td| Yo (3.2)
Zo Zor Zog Zob
where
Xoi @i Vai + iz
Yoi = | apVa+au (3.3)
Zoi Qs Vai + g

with ¢ = r, g, b and «;; being coefficients of least square fits from Figs. 3.2 (a),

(b) and (¢).

Since X, X4, and X, are linearly independent, it is always possible to
determine a unique d such that (3.2) is satisfied. If X, X,,;, and X, are temper-
ature invariant and d is well controlled, the light color output will be very stable

as given in (3.2). However, the three color bases X,,., X,,, and X, are temper-

0g>
ature dependent, as given in (3.3). Using (3.2) and (3.3), the desired color can
be achieved. This technique will be implemented in Section 3.4 and evaluated in

Section 3.5.

The transformation of (XY, Z) to other CIE color space systems is mono-
tonic. For instance, the relation between XY Z (tristimulus) and «/v’ (chromatic-
ity) is simply as Eq. (2.7). The whole process can be done automatically with the

help of a well calibrated visible light spectrometer.
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3.4 Implementation of RGB LED Junction Tem-
perature Measurement Technique in Light Color

Stabilization

The Lamina BL-4000 RGB LED light engine is selected for detailed study
and illustration. We use switching converters as LED drivers to improve the
power efficiency. Each red, green and blue light channel is driven separately
by a current-controlled switching converter, as shown in Fig. 3.4. The switching
converter behaves essentially as a current source whose magnitude is controlled
by a PWM signal. Our converter is modified from a control IC LT1510 designed
for battery chargers operating at a switching frequency of 200 kHz [112]. Com-
ponent values have been optimized for fast transient of the output current under a
PWM gate pulse, Vpww, which is applied at a frequency of 200 Hz to the MOS

transistor, as shown in Fig. 3.4.

Three identical circuits, each resembling Fig. 3.4, are used for driving the

red, green and blue LED channels, the schematic of which is shown in Fig. 3.5.

Veower
I |20uF
Al | L
15kQ —
PROG
0.22uF p—
120pH§ f— H — LT1510 0.1pF \/\3;.\(}\9 -
- L
BOOST 0.2uF \/\}I\(/(\) -
V,
B GND ¢
£ O U=
. SENSE BAT R GorB |‘ v
1 LED PVM

0.1uF ___ kt

Figure 3.4: Switching converter with PWM control as constant current driver.



42 Chapter 3. Light Color Stabilization

The LED drivers are controlled by the microcontroller PIC18F1320. Fig. 3.6
shows a photo of the LED with the microcontroller and power converters. Fig. 3.7
shows typical waveforms of the forward voltage across the red, green and blue
diodes under the constant current at 330 mA which is pulse-width modulated for
the brightness control. The power flow of the buck switching power converter

shown in Fig. 3.4 is unidirectional. When the current source turns on, the diode

LED driver
PWM out
Voww Bt /
A/Din /
Red LED
Level
and gain -
PIC18C132 adjustment
out in
PWM out
A/Din Two //((
PWM out other //‘(4
ADin channels Green LED

Blue LED

Figure 3.5: Schematic of the RGB LED color control system.

Figure 3.6: LED lamp with LED microcontroller system which is composed of
three PWM current drivers and PIC18F1320 control circuitries.
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Figure 3.7: LED diode forward voltage waveforms; upper trace for red LED,
middle trace for green LED and lower trace for blue LED.
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Figure 3.8: Functional block “level and gain adjustment” of Fig. 3.5.

voltage increases abruptly. When the current source turns off, the small ripple
filtering capacitor of 0.1 F discharges its energy to the diode. The diode voltage
drops rapidly when it is above the diode cut-in voltage, where the diode current is
at its high level. When the diode voltage falls below the diode cut-in voltage, the
diode current becomes very small. Thus we observe a slow decay of the diode
voltage after the current source turns off. However, as the charge of the 0.1 uF is
small, it contributes negligibly to the brightness of the LEDs. Then, the voltage
during the turn-on duration is detected and converted to the digital format suitable

for the PIC18F1320 programming.
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Figure 3.9: Comparison of digital diode forward voltage V;; and heat sink tem-
perature. The LEDs are driven by PWM current of 330 mA and duty cycle of d =
0.8. Heat sink temperature is externally controlled for a step change from 25 °C
to35°Catt =09s.

During the calibration phase, the digital format of the scaled diode turn-on
voltages as in Fig. 3.2 (d) is sent from the PIC18F1320 to a personal computer
via the RS232 connection at a rate of 200 samples per second. A voltage scaling
circuit shown in Fig. 3.8 is used for the functional block “level and gain adjust-

ment”. The scaling relationships are given as

Vi = 63282V, — 22533, (3.4)
Vi, = 3286.9V, — 17968, (3.5)
Vi = 4577.6V}, — 28059, (3.6)

where V; (¢ = r, g, b) is the actual diode turn-on voltage in volt.

The digital temperature Vy; (¢ = r, g, b) being boxcar averaged for the noise
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Figure 3.10: Comparison of digital diode forward voltage V;; and heat sink tem-
perature. The sampled digital diode forward voltages are shown as dots and the
lines superimposed with the dots are calculated using Eq. (3.7). The LEDs are
driven by PWM current of 330 mA and duty cycle of d = 0.5. Heat sink tempera-
ture is kept at 25 °C while a step change from d = 0.5 to d = 0.8 is applied to the
blue channel.
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Figure 3.11: Automatic measurement and calibration suite.

reduction is further smoothened using a simple integrator formula, i.e.,

‘/churrent = ﬁ%i,measured + (]- - ﬂ) Vdi,previous (37)
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Figure 3.12: Evaluation of output color points, marked as small diamonds, chang-
ing with different heat sink temperatures for set-point colors at (a) light red (b)
light blue (c) light green and (d) D65 white, marked as small triangles. Lines are
least-square-fits of data points using second degree polynomials.

where the current value of the digital temperature Vy; current 1 taken as the weighted
value of the actually measured one Vi measured and the previously updated one
Vidi previous» and (3 is essentially an integration constant which is adjusted to smoothen
the averaged waveform. In continuous time, Eq. (3.7) can be written [113] as

dVai(t) — In(1 -3
dt 5

(‘/dl<t> - ‘/di,measured) ) (38)

where ¢ is the time between measurements. Taking expectation of the above
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linear equation gives a noise free equation:

dVa(t) In(l1-75) %
jlt< ) — ( 5 ) (‘/dz<t> — Vdi,measured> ) (39)

which gives Vi (t) — Vi measured = Vo €XD (—f), where 7 = —ﬁ and V is
the disturbance amplitude. Here, we use 3 = 0.05 to give a response time constant

of 7 =~ 0.1 s as shown in Fig. 3.10.

Then, Vj; is compared graphically with the measured diode voltages. As
illustrated in Fig. 3.9, the waveforms of the heat sink temperature and diode for-
ward voltages, indicates that the temperatures of heat sink, red, blue and green
LED junctions are varying differently during transient and converging to differ-
ent values at steady state depending on the values of duty cycles and the heat sink
temperature. Fig. 3.10 shows that the digital temperatures of the red, green and
blue LEDs are varying differently even though the heat sink is maintained at a
temperature of 25 °C. The digital temperatures shown as points in Fig. 3.10 are
sample points taken from the A/D circuitry of the microcontroller. The digital
noises are effectively filtered out by Eq. (3.7) giving solid lines in Fig. 3.10 that
essentially follow the trends of the noisy points at the expense of a small time

delay.

The computer is also connected to a spectroradiometric system from Oceanop-
tics Inc. to measure the absolute or relative irradiance of LED lights [114] through
a USB local bus connection, as shown in Fig. 3.11. Then, SpectraSuite Software
calculates tristimulus XY Z, hue v/v'w’, and other correlated color parameters
from the spectrum distribution. Note that the spectroradiometric system can be
easily programmed to automate the measurements. The 18 unknown coefficients
in Eq. (3.3) can be calculated from the data obtained from this computer con-
trolled system. The algorithm is as follows. For each duty cycle value equal to
1, 0.8, 0.6 and 0.4, we measure the tristimulus XY Z corresponding to the digital

diode forward voltage while the LED heat sink is heated up from room temper-
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Figure 3.13: Evaluation of output brightness difference in Y value, corresponding
to Fig. 3.12. Data points triangles, squares, and circles are for D65 white, light
blue and light red respectively with set point at Y = 2600. Data points diamonds
are for light green with set point at Y = 2000 and Y-axis at the right. Lines are
least-square-fits of data points using second degree polynomials.
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Figure 3.14: Evaluation of output color difference using Au'v’, corresponding
to Fig. 3.12. Data points triangles, squares, circles, and diamonds are for D65
white, light blue, light red and light green respectively shown in Fig. 3.1. Lines
are least-square-fits of data points using second degree polynomials.
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ature to about 100 °C. The measurement is done for each of the red, green, blue

LEDs. Results are shown earlier in Figs. 3.2(a), (b) and (c).

By curve-fitting in Figs. 3.2(a), (b) and (c), the coefficients can be obtained

as
X, 2.2421 %V, — 6832.1
Y,, | =1 1.0281 %V, —3183.5 (3.10)
Zor 0.0 % V. — 0.0
X,y 0.020625 * Vg, + 818.925
Yoe | = | 0.232025 % Vg, + 1695.625 (3.11)
Zog 0.039175 * Vy, + 96.865
X 0.07005 x Vi, + 618.8
Yy, | = | —0.01385 % Vy, + 590.725 (3.12)
Zob 0.406475 * Vi, + 3429.75

These coefficients are then used for a test run of color accuracy in the com-
puter. If the color accuracy is within tolerance, they will be programmed into

the PIC18F1320 for stand-alone real-time control of light colors.

3.5 Evaluation

Four color points are chosen to evaluate the performance of the proposed
method. We examine the color and brightness change with temperature at four
different points on the color coordinates, namely D65 white, light red, light green
and light blue, with corresponding CIE 1976 chromaticity coordinates at (u', v') =
(0.196, 0.469), (0.32, 0.51), (0.12, 0.53) and (0.17, 0.42), respectively, as shown
in Fig. 3.1. For about 50 °C change in temperature of the heat sink, the position of
color point on the CIE 1976 /v’ plane and the brightness in Y value are plotted
in Fig. 3.12 and Fig. 3.13 respectively. The maximum color difference is 0.0041

which has been recorded for D65 white, as shown in Fig. 3.14. To show the
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Figure 3.15: Evaluation of (a) output brightness, (b) color coordinate and (c)
Au'v" at three set points of D65 white, changing with different heat sink temper-
atures. Data points shown as triangles, circles and diamonds correspond to set
points at Y = 1600, Y =2600 and Y = 4200, respectively.

effectiveness of the proposed method in dimming operation, the brightness (Y
value) and chromaticity coordinates for three brightness values of D65 white have
been evaluated and reported in Fig. 3.15 for different heat sink temperatures. The
measurement also employs the afore-described spectroradiometric setup under
the same condition so that the experimental results are consistent and reliable.
The error is mainly due to switching noise and the precision of the duty cycle that

can be made very small by using boxcar averaging, digital filtering and a high bit
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resolution timer of the micro-controller. Users can simply input the desired color
tristimulus values and then the microcontroller system can automatically adjust
the duty cycles of RGB LED drivers for stable color light intensity output without

the use of any other devices such as sensors.

3.6 Summary

Color control is an important issue in the design and manufacture of LED
lighting systems. Due to device variation, aging and sensing nonlinearity, achiev-
ing color precision within tolerance for a large number of LEDs is often a difficult
task. Measurement of LED turn-on voltage during the on-state of PWM periods
has been proposed to stabilize the LED light color. The implementation tech-
nique is outlined and verified by some experimental data. The technique can
control the color effectively, and can also dramatically reduce the complexity and
eliminate the need for using expensive feedback systems involving light sensors.
In the next chapter, electronic ballasts will be developed for independent control

of brightness for LED light sources.



Chapter 4

Electronic Ballasts for Multiple LED
Lamps with Independent Brightness

Control

4.1 Introduction

Due to nonlinearity between the lumen output and the driving current, LEDs
are normally driven by a constant current source controlled via pulse width mod-
ulation for the precise control of brightness and color. Therefore, in the RGB
mixing color system, the red, green or blue LED lamps may be driven by three
independent switching mode power converters respectively to achieve the instant
color changing ability and keep the desired color stabilization compensating the
effect of junction temperature as described in Chapter 3. Furthermore, for de-
vice variation, at most one current driver per LED may be needed to produce the
desired color and brightness of light. Usually, a small number of LED lamps hav-
ing thermal-electrical-optical properties within tolerance are selected and driven

together for the reduction of cost and volume.

52
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Driving several LED light engines independently from an offline power
source poses technical challenge in many aspects of the power converter design.
High power factor and low input current harmonics have become the manda-
tory design criteria for switching power supplies. A typical design using the
“classical” two-stage PFC circuit is shown in Fig. 4.1 [115]. The specific chal-
lenges in using this circuit are described as follows. Firstly, LED lamps have a
lifetime of about 100,000 hours while conventional PFC power converters em-
ploying high-voltage electrolytic capacitors have much shorter lifetimes of about
5,000 hours [96]. These high-voltage electrolytic capacitors are utilized in most
single-stage PFC circuits [116, 117]. Secondly, to generate light with the desired
color and brightness, three stages are effectively needed, which limit the overall
efficiency. Thirdly, a high turns-ratio transformer is required to provide a low-
voltage level at the secondary suitable for an LED controller. This, however, is
accompanied by a significant leakage inductance on the primary side of the trans-
former, causing a dramatic increase in the power loss due to passive snubberings,
thermal stress and device stress, and making the lifetime of the converter much

shorter than that of LED lamps.

With consideration of these issues, an electronic ballast for multiple LED
lamps is proposed in this thesis to overcome the above limitations. The LED bal-
last is essentially a dual non-cascading structure. The first-stage non-cascading
structure is an isolated current-fed PFC pre-regulator. In the proposed design, the
short-lifetime high-voltage storage capacitor at the primary is replaced by a long-
lifetime low-voltage capacitor at the secondary, thus extending the overall system
lifetime. Furthermore, the high-voltage stress on the main switch, which is typi-
cal in current-fed converters, is reduced substantially by appropriately exploiting
the transformer leakage inductance. The design uses two secondary transformer
windings and an LED current driver to form a second non-cascading structure
to improve efficiency. Multiple non-cascading structures can be used for LED
lamps for the instant independent brightness control. The analysis and design

of the PFC pre-regulator will be focused in this chapter and the details of the
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Figure 4.1: Classical design of LED power supply consisting of a two-stage PFC
voltage regulator driving point-of-load current regulated LED lamps.

non-cascading structure will be described in the following chapter.

This chapter is organized as follows. Section 4.2 gives an overview of limi-
tations of the conventional PFC power converter design when using power trans-
formers with large parasitic leakage inductance. The new PFC current regulator
is given in Section 4.3. Analysis and implementation of the pre-regulator are
given in Section 4.4. The performance of the proposed regulator is evaluated in

Section 4.5, and a summary is given in Section 4.6.

4.2 Limitations of Conventional PFC Regulator in
Converting Energy Through High Leakage In-

ductance Transformer

Transformer isolation for a PFC regulator is mostly implemented using fly-
back or forward topologies, and occasionally designed with the resonant topol-
ogy [118]. Resonant topology can easily make use of the transformer leakage
inductance to form a resonant tank in transforming energy from the primary to
the secondary [119]. Moreover, despite such an advantage, the practical imple-

mentation often uses a cascading structure as shown in Fig. 4.1, that requires an
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expensive high-voltage storage capacitor on the primary [118, 120].

The conventional PWM-type transformer isolation design for PFC regulator
rarely considers the transformer leakage inductance [115, 121-123]. The rela-
tively large leakage inductance of a high turns-ratio transformer may render the
passive snubber circuit inadequate in reducing either voltage or current stress,

reducing the operational lifetime of the main switches.

In the following section, we will introduce a new PFC pre-regulator which
allows the use of a non-cascading structure and does not require a high-voltage

storage capacitor on the primary side of the PFC pre-regulator.

4.3 PFC Current Regulator for LED Lamps

We show in Fig. 4.2 a boost input stage operating in discontinuous con-
duction mode (DCM) for automatic power factor correction for low-power LED
lamp applications. The input line filter including L; and C is used to filter the
high switching frequency current harmonics. The main switch S; is switching
at a fixed frequency fs with the duty cycle d, and controls the amount of input
power to the regulator. We use a transformer model of L, and L, for the analy-
sis of the new pre-regulator. An equivalent rectifying load consisting of a diode
bridge and the output loading C'p and R reflected on the primary has been used

for simplicity.

The output current ¢, of the boost inductor in Fig. 4.2 is pulsating and can-
not be connected directly to the legs of an isolation transformer with large leak-
age inductance L, unless its current 7, has been equalized to that of ip. An
alternative current drive must be applied to the transformer to maintain zero volt-
second within a period, or else the current of the mutual inductance L,, will
keep increasing and be saturated easily. An easy solution is to connect ip to a

half-bridge circuit with small resonant bridging capacitors C), absorbing the dif-
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Figure 4.2: Simplified circuit of the proposed PFC pre-regulator with an equiva-
lent transformer secondary load.

ference of currents of the two inductors, and clamp the voltages they connected to
an acceptable level. The two half-bridge switches S; and Ss split and distribute
1p alternately in reverse order to the two legs of the primary of transformer 7’
which is shown as ip in Fig. 4.2. The two switches of the half-bridge circuit
is driven non-overlappingly and alternately at half the switching frequency fg/2
of the boost converter for a fixed duty cycle. A sufficient dead-time of the two
switches will allow current of the leakage and large mutual inductances of the
transformer to turn on one of the two body diodes of the switches, and will as-
sure later zero-voltage-switching (ZVS) of either S, or Ss. In this way, energy is
transferred directly from the boost inductor to the transformer secondaries with
little loss and storage. Although the large transformer mutual inductance helps
soft switching of Sy and S3, it does not intervene much the power flow from the
primary to the secondary. Its effect will be ignored in our estimation of power

transfer function in the next section.

Two secondary output windings of the transformer per LED are used in
the non-cascading output configuration shown in Fig. 4.3. One of the outputs
is connected without processing in series with the other output which is current
regulated by a PWM buck converter to drive an LED. Additional identical sec-

ondary circuits or buck converters can be built to drive more LEDs independently.
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The energy from the output without processing can directly contribute to drive
the LED with an unity power efficiency. The analysis and design of this non-

cascading output configuration is presented in the next chapter.

In the next section, the steady-state waveforms will be studied for calculat-

ing suitable component values of the LED lamps PFC pre-regulator.

4.4 Analysis and Implementation of the New PFC

Pre-Regulator

4.4.1 Steady-State Waveforms

Fig. 4.4 gives the typical waveforms of voltages and currents of the power
converter. The corresponding current flow diagrams for various states are given
in Figs. 4.5 and 4.6. The boost converter is driven by gate drive v,; while the two
half-bridge switches are driven by the two non-overlapping gate drives vgo and
vg3. As the waveforms of the half-bridge circuit are half-wave symmetrical, we
can simply limit our consideration to states 2 and 3. Similar analysis can easily be

applied on states 4 and 1. The operation of the converter is explained as follows:

o At the beginning of state 2, S; turns on. Inductor current ¢, starts to in-
crease as shown in Fig. 4.5 (a). Diode D is reverse biased and isolated

from the half-bridge converter.

o At the same time, S; turns off. Inductor current 7, starts to increase by a
voltage difference of vc,, — vo as described by Fig. 4.6 (b), charging up
the capacitor Cp, and delivering power in reverse direction to the output
through the output diode rectifying bridge. As a result the voltage v,, acted
on L,, reverses polarity with the same voltage amplitude of v, its current

starts to ramp up at a constant rate.
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Figure 4.3: Transformer secondary side equivalent load of 7" in Fig. 4.2.

e After a short dead-time, S5 turns on, continuing to charge up the capacitor

Cp2 and delivering power to the output.

e Inductor current 7, starts reversing its polarity and marks the end of state 2,

as indicated in Fig. 4.6 (c).
e [, resonates with U, discharging C» and delivering power to the output.

e 5 turns off. Inductor current 7, charges up both C},; and C),, boosting up

the resonant amplitudes of capacitor voltage C)» and inductor current i,,.

e i, resonates to its peak and decreases sinusoidally until its magnitude equals
the ramping magnitude of %,,, i.e., i, = ¢, and %, = ¢, — i,,, ~ 0. Inductors

L, and L,, combine together as a single inductor until the end of state 3.
e During both states 2 and 3, the output current is given by ¢, = i), — i,, > 0.

e The above sequences repeat with Sy, C)» replaced by S3, C)1, respectively.

These high-frequency switching waveforms vary with the much slower frequency
varying the line voltage within a rectified line cycle. Both quantities at these two
different time resolutions are important for calculating the converter dynamics.

For consistency, for any state variable x, we will denote by x(t) the detailed
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Figure 4.4: Simplified waveforms of ¢;, for the boost converter and iy (= )
for the half-bridge converter. i,, and v,, are current and voltage of the mutual
inductor L,, respectively.

waveform, and by x the averaged values of z(¢) to accommodate any change at

the line frequency.

The detailed waveforms of vc,, (t), ve,,(t) and ip(t), iy(t) determine the

voltage and current stresses of power switches S, S2, and S3. We consider ¢t = 0
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and ¢t = T as the start of state 2 and by the end of state 3, respectively. We have

L, digf) = v, () — vo, @.1)
dev(g’; O o) — i), 4.2)
dez%(t) — ip(t), and 4.3)

L di’;j(t) — v, (4.4)

which satisty the boundary conditions i,(0) = 0, i,(11) = im(T1), ve,, (0) =

V10, Ve, (0) = Vs, ve,, (dTs) = Vera, ve,, (dTs) = Voo, im(0) =

—1Ip,;, and

im(Ts) = I, within states 2 and 3 for a duration of T's (= 1/ fs). From Fig. 4.2

or 4.4, we have

ip(t)

(

0 0<t<dlyg
YA[(d+dy)Ts —t]  dTs <t < (d+dy)Ts

0 (d+d2)TS§t<TS

\

4.5)

Integrating (4.1) to (4.4), we obtain

.

\

Yoo sin (wyt) 0<t<dTs
VCQ}—:”O sin (w,.t)
+25915 [1 — cosw, (t — dTs)]

Vorat+tVeooa—vs | sinwy(t—dTs)
+ Cld LCQd S [ o S
(- dTS)} dTs <t <Th
im (1) Ty <t<Ts

(4.6)
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(
vo + (VC’QO — Uo) COS (wrt) 0<t<dls
vo + (Voo — vo) cos (wyt)
+usdls e gin w, (t — dT)
(o (t) = _}_LP(VCld""LVCZd_US) [
cosw,(t — dTs) — 1] dls <t <T,
UCpQ (Tl) - QIj:n—OC'p
\(t—Tl)@—TS—FTl) T <t<Ty
4.7)
.
Voo 0<t<dly
Ve + —deTSC(t;dTS ) dTs <t <
P
Ve, (t) = _(v010+v02200—vas)(t—de)2 (d+ dy)Ts
v3d?T2
2CPL(VC?0+‘}9020*US) <d + d2)TS
<t<Tyg

(4.8)
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and
. Vo
(4.10)
where
voTs
— 4.11
T (4.11)
1 d 4.12)
w’f' ch(p?
L
Z, ==L, 4.13
\/ c, (4.13)

The current stresses of S; and Sy (or S3) are given by max(ip(t)) and
max(i,(t)), respectively. They all experience the same voltage stress max(vp(t)),

and are calculated as follows.

max(ip(t)) = %Sde, (4.14)
max(i,(t)) = ip(tm1), and (4.15)

max(vp(t)) = max (ve,, (¢) + ve,, (1))
< max(ve,, (t)) + max(ve,,(t))

S Ucpl (tmg) —|— ?}CP2 ((d —|— dg)Ts) s (416)

where

tm1 = dTS + 1
| 2VsdTsw,(Vera + Veza — Vs)
_ 4.17
Wy o (ngQTgwf + (Vera + Veoa — Vs)? ( )
1 1 Lpy(Vera + Ve2a — Vs)
tmo = dTsg + —tan~ ! | =2 4.18
m2 S + i an ( ngTSZT ( )
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and t,,1, t0 € [dTg, Tl)

Basically, all the detailed waveforms depend on their corresponding initial
boundary values which can be approximated using their averaged values. As a
consequence, a full analysis of the steady-state solution using state-space method
may be prohibitively complicated. We will use the following method of state-

space averaging to estimate the system dynamics near the line frequency.

4.4.2 Basic Assumptions for State-space Averaging

We assume that

1. The switching frequency fs is much higher than the line frequency f; of

the line input voltage vg,

2. The switching-period-averaged capacitor voltages are used for calculating

dynamics at a much lower line frequency,

3. The discontinuous conduction current ¢, of the input inductor L provides

power factor correction,
4. The converter is lossless,

5. The mutual inductance L, is much larger than the leakage inductance L,,

and its effect on output current can be ignored, and

6. The secondary leakage inductance L is much smaller than L,, and its ef-

fect can be ignored.

Such assumptions allow analyzing converter dynamics at the switching frequency
and the line frequency separately. They also allow analyzing the boost stage and
half-bridge stage separately. Figs. 4.5 and 4.6 show the operation states of the

separated boost and half-bridge converters, respectively.
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(a) State duration dT’s. Switch Sp turns on. iy, starts to increase. Diode D is reverse
biased and turned off.
L Ip Vp ¢
N o
i
__Cp

O vs )
To

(b) State duration dyTs. Switch Sy turns off. i;, forces diode D to turn on and starts to
decrease.
L ip Vp ¢
— o>
__Cp

Co
(c) State duration (1 — d — d2)Ts. iz, just decrease to zero, turning diode D off.
L ip Vp ¢
e e >

I
__Cp

O v )
To

Figure 4.5: Three states of the discontinuous inductor current mode operation of
the input boost converter, where i is the capacitor discharging current.

4.4.3 Averaging Over Converter Switching Frequency

Using state-space averaging, all instantaneous voltages and currents calcu-
lated in the last subsection have to be averaged and represented by the their aver-
aged values within half of a period, i.e., one T's. However, we are interested only
in their averaged values and will ignore their detailed waveforms. Therefore, the

instantaneous current i, () of L, and the instantaneous voltage vc,, (t) of Cpp in
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State 1: Just after the current ¢74 in (d) decrease to zero and reverse its current direction
_ to enter this state.
Ip

__Cpl

1y
~ T

_:Cp2

*

State 2: Just after .So turns off, the leakage inductance forces the body diode of S5 to
conduct. After a short dead time, S3 is turned on at zero voltage.
ip

. l
__Cpl
-t
< T
__sz
State 3: Just after the current 75 in (b) decreases to zero and reverses its current
) direction.
Ip
g l
__Cpl
i3
> T
__Cp2

State 4: Just after S5 turns off, the leakage inductance forces the body diode of S5 to
conduct. After a short dead time, S is turned on at zero voltage.
ip

Figure 4.6: Four major states of the half-bridge converter for a period of 27%.
The arrows indicate actual current direction and Cy,; = Cpy = C),.
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the resonant tank shown in Fig. 4.6 are approximated as

v, (t) —vo = L, digit), and (4.19)
pr = —i,(t), (4.20)

dt

where i,(0) = 0 and v¢,,(0) = vp/2 are the initial values at the beginning of
half the resonant cycle. Integrating Eq. (4.19) and Eq. (4.20), and considering

only the positive portion of i,(t), we have

~ wp/2—vo

ip(t) — sin (w,t), and (4.21)
Ve, (t) = vo + (vp/2 — vo) cos (wyt), (4.22)
for0 <t < wlT and
ip(t) =0, and (4.23)
Ucp2 (t) = Vo, (424)

for wlr <t<Ts.
It can be observed from Eq. (4.21) to Eq. (4.24) that

1 [Ts 20p/2 —
iy (t)dt =2 Lp/2 o

— 4.25

It is expected that vc, , (t) will be charged up back to vp /2 by the end of the other
half period. The averaged output current and capacitor discharging current over

half a switching period is therefore given as

9 v /2 —

io= 20/2=v0 g (4.26)
T Z,

. Vo .

o= —10. (4.27)

Up
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Similarly, from Figs. 4.4 and 4.5, the peak current of L is obtained as
(4.28)

I, = UdeTS, and
(4.29)

I, =2 - S 45T

Referring to Fig. 4.4 and using Eq. (4.28) and Eq. (4.29), the duty cycles

and averaged currents ig and 7 of a switching period are calculated as

dtdy= —2 4 (4.30)
Up — Vg
d2TS UpUs
=225 _YDY d 431
s = 5T oD — U5’ an (4.31)
(4.32)

. dzTS ’Ug
ip = .
2L Up — Us

4.4.4 Small-Signal Response of the Converter

The control-to-output response will be important for the design of the closed

loop system. Eliminating vp from (4.26) and (4.31) and using the lossless ap-

proximation of vgis = voip = v3/Zo, We arrive at

Zo 2L - '

Perturbing (4.33) using d — D + d and vp — Vp + © and linearizing, the

control-to-output small signal response is given as
(4.34)

2DTsVpV2ZoZ
2V (3VoZ — 2VsZo) — D*TsVsZoZ'

)
d
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where

4 =220+ 12, (4.35)

Equation (4.34) is approximately a single-pole system which simplifies the
design of the closed loop system. Other small-signal responses can be readily

derived using the state-space averaging method and are omitted here.

4.4.5 Dynamics Near Line Frequency

The averaged state variables have been calculated in the last subsection. In
this subsection, the dynamics of the averaged state variables varying near the line
frequency will be determined. The input voltage is rectified as a positive half-

sine, i.e.,
Vs = VS \sin 27Tflt| . (436)

From (4.31), we have

d2T5 VS |SiIl 27Tflt|
1 =
s 2L 1-— Us/UD ’

(4.37)

which is approximated as

is = [S \sin 27Tflt| s (438)

where the effective Ig will be determined after vp is obtained later in this sub-
section. Based on assumption 4 and the fact that the two capacitors C), have
relatively small intermediate storage compared to the output capacitor Cp, the

instantaneous power balance at the line frequency gives

Vsls

Vol = Vgig = (1 — cosdrfit) . (4.39)
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The output voltage can be calculated using

dUO io Vo
= . 4.40
dt CO RoCO ( )

Multiplying both side of (4.40) by vo, using (4.39), and rearranging, we have

1dvg vy lovo
2 dt  RoCo Co
I

= ‘2/505 (1 — cosdrfit) . (4.41)

Integrating (4.41), the steady-state output voltage is given by

2 _
Vo =

VsIsRo (1 _cosdr fit + 27 fiRoCo sin 47rflt>

2 1+ (27 fiRoCo)?

- VsIsRo (1 _ sindrfit
2 27TflR000

) if 2 fiRoCo > 1. 4.42)

Basically, the converter will operate at a fundamental frequency of 2 f; according
to (4.39). We will approximate every variable up to the fundamental frequency

component of the form
TpA R XA(] + XA1 sin(47rflt + GA), (443)

where X 49, X 41, and 64 are the DC value, the magnitude and phase of the fun-
damental frequency component of z 4, respectively. Using approximation (4.43),

(4.42) becomes
Vo = Voo — VOl sin(47rflt), (444)

where

)i
Voo = ,/VS ;RO, and (4.45)

Voo
Vo = — 00 4.46
1= i RoCo (4.46)
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From (4.39) and (4.44), the output current is determined as

io = oo + Ioy sin (47r it — g) , (4.47)
where
1%
Ioo = -2 and (4.48)
Ro
[Ol = [OO- (449)

The output voltage and current shown in (4.44) and (4.47) can be determined
if the input power is known. However, the input power also depends on the output
voltage vp of the boost stage governed by (4.26). Equation (4.26) can be rewritten

as

2UD/2—UO

g=io— (%T> =0. (4.50)

Substituting vp = Vo + Vpy sin(4x fit +60p) into (4.50), the following equalities

from harmonic balance hold:

/Qh gt)dt =0
0

/ 7 in(4m fit) g(#) dt = 0 .51)
0

7

/Qh cos(4mfit)g(t)dt =0
 Jo

Solving (4.51) for vp ~ Vpo+ Vpy sin (4w fit — 0p) gives four possible solutions,

of which only one satisfies Vo > Vo, i.e.,

K
Voo = Voo(2 + —25) (4.52)
Ro
V1 = Voor/ K3 + K2 (4.53)
K
Op =+ tan~! =2 (4.54)

Ks
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where

_ TsRo
K, = 5T (4.55)
1
Ky = 4.56
2 47TflRoco ( )
L
Ky= |22 4.57
3 c, (4.57)
K, = 2K, (4.58)
K37T
Ky=-——"2 4.59
5 Ro (4.59)

Now, we can estimate the effective value /g of (4.38) from (4.37). The input

power is calculated by multiplying (4.36) by (4.37) as

i 1 9
g = in” 27 fit 4.60
Usts = <7 ST vs/vp sin® 27 fit, (4.60)
where the term 17@; Yo is highly nonlinear and the harmonic components are

difficult to obtain in analytical forms. We will adopt an empirical approximation

as follows:

1 sin 4 fit
~ 1 + ,
Vpo/Vs + Vp1/Vs — 1

=~ 4.61
1—U5/UD ( )

which approximates the waveform using the DC and fundamental components.

1

Substituting (4.61) into (4.60) and averaging over 1; = the averaged input

Q_Jcl’
power is
Vels 1 (T
= — dt
5 7 ), Usts
d*TsVe (1 4 1
— STS (24 2 . (4.62)
2L 2 3 (VDU + VDl)/VS -1
Hence, the equivalent current magnitude is given as
d*TsVs (1 4 1
Ig= -2 S<—+— ) (4.63)
L 2 3m (VDO‘f‘VDl)/Vs— 1
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The averaged output power is approximated using (4.42) and (4.46) as

V2 K2
Ro % Ro

Equalizing (4.62) and (4.64), we get

1 4 Vg
Ve - KeV2 (=4 ———2—) =0
00 65(2+37rK7V00—1) ’

where

2K,
2+ K3’

2K
Kr=2+ =24 /K24 K2
Ro

A real root of (4.65) is calculated as

and

Kg = d?

W=

3K2K + 2 (2)5 Ky

1
Voo=Vs | =— + (4 —
0 S <3K7 +( 7T> 6K7K8 s

where Ky is given in (4.69).

Kg = (18(4 — m) K3 K¢ + 47

6K7

)

Y

(4.64)

(4.65)

(4.66)

(4.67)

(4.68)

+3v/2 K2KG [A(8 — 3m)m + 12K2Ko(24 — 127 + 12) — 3K# K223,

(4.69)

The calculation of the steady-state solutions is summarized as follows. Given

circuit parameters Ky in (4.55), K5 in (4.56), d and K5 in (4.57), Vo can be cal-
culated using (4.68), Vi, using (4.46), Vo using (4.52), and Vp; using (4.53).
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Figure 4.7: Comparison of the calculated and experimental values of %,%,%
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4.5 Experimental Evaluation

A prototype of the proposed PFC pre-regulator has been built for driving
LED lamps having a total power up to 100 W. Using the result of the last section,

we arrive at the components and parameter values shown in Table 4.1.

The details are as follows. With the maximum line input voltage being
2404/2 = 340 V, take Vpo = 400 V to ensure the proper operation of the boost
input stage. The transformer turns ratio is estimated from (4.52) as Vpo ~ 2V(y,

which gives n = 16.5 for a secondary output voltage of 12 V. The average power

for a line cycle is given as P = % Rearranging gives [g = %. Sub-
stituting 2/g = I, into (4.28) gives L = 4‘252 ;lj. To ensure DCM operation,

Aoz (Vs) < deig(vs) = 1 — ;’—; from (4.30). Hence, d..;(100v/2) = 0.646.
Choose dyuq, (100v/2) = 0.5. Consequently, L = <2200V = 950 ,H. This
inductor value can maintain DCM operation and provides the required output
power at d..(240v/2) = 0.087 < d;(240v/2) = 0.151. A step-down trans-
former with turns ratio given in Table 4.1 is constructed. The leakage inductance
at the primary is measured as L, = 35 puH. C, is chosen such that it resonates

with L, with a half period shorter than (1 — d,,4,)Ts, minimizing the energy

stored in L, before the start of next state, thus minimizing the circulating cur-
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Table 4.1: Components and parameter values used in experiments.

Components/parameters Values

L 253 uH

Cp 69 nF

L, 35 uH

L,, 1.85 mH

turn ratio n:1:1 33:2:2

Cg1, Cpo 5.8mF/50V, 5.8 mF/50V
fs 100 kHz

fi 50-60 Hz

Vin 100-240 Vrms AC
St NTP6N60

Ss, S3 IRF840

D CSD6060

Secondary Rectifier Diode MBR2545

Table 4.2: Calculated (cal) and measured (mea) voltage stress v p(max) and current
Stress iy (max) at different duty cycles.

DUty cycle of Sl UD(cal) (V) UD(mea) (V) ip(cal) (A) ip(mea) (A)

0.1 213 180 0.98 1.05
0.2 250 240 1.30 1.3
0.3 316 305 1.59 1.45
0.4 388 380 1.90 1.59
0.5 465 460 2.28 1.75

rent, i.e. w,(1 — dyez)Ts > m. Therefore L,C, < (%)2, and C), <
72.3 nF. Choose C}, = 69 nF. The output capacitors C'z; and Cp, should be large
enough to serve as voltage hold-up capacitor at 2 f; for maximum loading condi-
tions. For the existing values of C'z; and Cgsy, we have % < 0.1. The lifetimes
of Up; and Cp, can follow the equation: L., = LBM,,QATOT [96], where Lp
is the base lifetime at the maximum core temperature and 1/, is a voltage multi-
plier which is designated as the ratio of capacitor rated voltage to applied voltage.
AT is the temperature rise in the capacitor. Here, we use 5.8 mF/ 50 V Vishay
aluminum electrolytic capacitors with Lp of 12,000 hours [124]. Using M, =
50/12, the lifetimes of C'z; and C'gy can achieve 50,000 hours matching with that

of LED lamps. In practice, the voltage fluctuation can be as high as % = 0.5,
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Figure 4.8: Magnitude and phase of output-to-control transfer function Eq. (4.34)
at d = 0.4. (a) Theoretical calculation. (b) Experimental results.

taking into consideration the regulation provided by the LED current driver. In
this case, C'g; and Cp, can take the value of 1.1 mF. With all these component
values found, constants K to Kg as well as voltage and current stresses can be

determined according to the procedure described in Section 4.4.

Fig. 4.7 shows a comparison of the normalized voltages of the experimental

and calculated results of the PFC pre-regulator for different values of duty cycle
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Figure 4.9: Experimental waveforms of vp, %;, and 7, at full load and 100 Vrms
AC input.
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Figure 4.10: Experimental waveforms of vp, ¢;, and ¢, at full load and 240 Vrms
AC input.

d. We use a loading resistance for the transformer secondary windings of 1.73
Q which corresponds to Rp = 1.73 Q x n? = 471  in the primary. Table 4.2
compares the calculated values of voltage and current stress using (4.15) and

(4.16) with the measured values.

The theoretical calculation of the small-signal transfer function using d =
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Figure 4.11: Power factor versus output power at two different line input voltages.
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Figure 4.12: Efficiency versus output power at two different line input voltages.
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Figure 4.13: Gate drive voltages of S, S5, and S5 and the corresponding current
waveform i,,.
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Figure 4.14: Voltage waveforms of v, (see Fig. 4.4) and vy of S; and Ss.

0.4 in Eq. (4.34) is given in Fig. 4.8 (a), and Fig. 4.8 (b) is the related exper-
imental graph consistent to the theoretical results. Figs. 4.9 and 4.10 show the
experimental waveforms of vp, 77, and %;, at full load conditions for 100 Vrms
and 240 Vrms AC input, respectively, where ;, 1s the line input current observed
using a line filter. The power factors and efficiencies measured at 100 Vrms and
240 Vrms AC input are shown in Figs. 4.11 and 4.12, respectively, for different
power loadings. The lower power factor measured at 240 Vrms AC input is due
to a larger d, which makes the boost inductor input less resistive. The results
are consistent with that reported in [125]. The efficiency figures are typical for
low output voltage design where a relatively high ratio of rectifying diode drop
to output voltage has been observed. Fig. 4.14 shows the voltage stress of the
switching MOSFETs. Even without the use of snubber circuits [123], the voltage

ringings across the power switches are relatively small.
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4.6 Summary

One challenge of the design of power converters for LED lighting applica-
tions is to extend the lifetime of the converters such that the durability of LEDs
can be put to the practical advantage. The main problem with conventional power
converters is the use of high-voltage storage capacitors which limits the lifetime
of LED lighting systems. This chapter presents a new isolated PFC pre-regulator
for LED lighting applications. The pre-regulator does not require a high-voltage
charge storage capacitor on the transformer primary. Instead, low-voltage hold-
up capacitors can be used on the transformer secondary to reduce cost and extend
the lifetime of capacitors. Voltage and current stress for power devices have been
estimated and experimentally verified. In the next chapter the concept of non-
cascading structure for the design of the LED ballast will be discussed. Demon-
stration of operating the converter in continuous conduction mode will also be

given for power higher than 100 W.



Chapter 5

Non-cascading Structure for Elec-

tronic Ballasts

5.1 Introduction

A technique for eliminating the high-cost short-lifetime high-voltage capac-
itor using an isolated DCM current-fed PFC circuit has been described in Chapter
4. In this chapter, we operate the circuit in continuous conduction mode (CCM),
as shown in Fig. 5.1, to permit the high power factor to be achieved easily with
the conventional average-current-mode (ACM) control method [126]. The circuit

structure and analysis are the same as that in Chapter 4 except the control scheme.

Two secondary output windings of the transformer are used in the non-
cascading output configuration [120]. One of the outputs is connected directly
(without being processed) in series with the other output which is then current
regulated by a PWM buck converter to drive an LED lamp. Additional buck con-
verters and identical secondary connections can be included to drive more LEDs

independently. Since the energy from one output winding can directly be used to

80
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Figure 5.1: Circuit schematic of the proposed LED ballast with a front-end PFC
pre-regulator on the transformer primary and post-end LED current regulators
on the secondary connected in the non-cascading configuration. The PFC pre-
regulator is chosen to operate at CCM.

drive the LED without going through the other power stage, a higher efficiency

can be guaranteed.

In the following sections, we will focus on how to optimize the design of
the non-cascading structure to achieve high efficiency based on the CCM PFC

pre-regulator.
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5.2 PFC Pre-Regulator Operating in CCM

The upper circuit in Fig. 5.1 is a boost input stage operating in CCM for
high-power LED lamp applications. The main switch S; is programmed at a
fixed frequency fg using ACM control to shape the input current and control the
amount of power supplied to the current regulators. Thus, the input line filter can
be removed, which is different from that in DCM operation described in Chapter
4. We continue to use the transformer model consisting of L, and L,,, as shown
in Chapter 4, for the analysis of the CCM pre-regulator. For simplicity of the PFC
pre-regulator, an equivalent rectifying load consisting of a diode bridge and the

output load (Cp and Ry) reflected on the primary is used for analysis.

Fig. 5.2 shows typical waveforms of voltages and currents of the power
converter. As shown previously in a similar analysis for the DCM operation in
Chapter 4, the derivation of the exact waveforms of v¢,, (t), vc,,(t), ip(t), and
ip(t) (which are used to determine the voltage and current stress of the power
switches Sy, So, and S3) can be very complex. Here, we will adopt the follow-
ing approximate method. The boost input stage and the half-bridge converter are
considered as separate stages. They are connected using the averaged state vari-
ables. The inductor L is sufficiently large that i (t), i,(¢) and vp(¢) reach their
maximum during the time when .S; conducts. The voltage and current stress are

approximated as

max(ip(t)) = is + ;)—ZdTS, (5.1)
max(i,(t)) = UCZJ and (5.2)
max(vp(t)) = 2vc,, (5.3)

where ig, v¢, are averaged values within a switching cycle and Z, = /L, /C,,.
Here, for brevity, we denote x as the averaged value of x(t). Therefore, once

the averaged state variables are known, the peak of the instantaneous quantities
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Figure 5.2: Simplified waveforms of ¢;, for the boost converter and iy (= )
for the half-bridge converter. i,, and v,, are current and voltage of the mutual
inductor L,,, respectively. The resonance of L, and C, ends when i,(t) meets
im (), thus the period T in (4.26) satisfies % <Ts.

within a switching cycle can be readily estimated. It is assumed that C), and L,
start to resonate due to the voltage difference v¢, — vo when S5 (or S3) conducts.
It is also assumed that ve, (0) = v, (t) = ve,. The leakage inductor current is

calculated as

- Ucp — Vo

ip(t) = sin w,t, 5.4)
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where w, = L_ ¢ = 0 at the time S, turns on, and the resonance ends at

LpCyp
t=1 = % Hence, the averaged output current is calculated using

Wr

1 2 2 V0, — Vo
= — t)dt ~ ——2—— 5.5
TS 0 Zp( ) 7T Zr ( )

(6)
The input voltage is rectified as a positive half sinusoid, i.e.,
Vs — VS \sin 2’/Tfﬂf’ . (56)
As a result of ACM control,

is = [S \sin 27Tflt’ . (57)

Using approximation of the instantaneous power balance at the line frequency,

we obtain
Vo = VOO - VOl Sin(4ﬂ'flt), (58)

where Vg is the dc component and V), is the fundamental at 2 f;, i.e.,

VslsRo

Voo = 5 (5.9)
Vo1 = Lmﬁ/% (5.10)

The output current is determined as
io = Ioo + Ioy sin (47rflt — g) , (5.11)
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where

1%
Too = -2 and I, = Iop. (5.12)
Ro

The output voltage and current shown in (5.8) and (5.11) can be determined
if the input power is known. However, the input power also depends on the output
voltage vp of the boost stage governed by (5.5). Equation (5.5) can be rewritten
as

2 vp/2 —
g=ip— (—”D/—”O> —0. (5.13)
T Z,

Substituting vp = Vpo+ Vpy sin(4r fit +6p) into (5.13), the following equalities

from harmonic balance hold:

/2” g(t)dt =0
0

/ T sin(an fit)g(t) dt = 0 (5.14)
0

/% cos(4m fit)g(t)dt = 0
\ Jo

(

Solving (4.51) with vp & Vpo + Vp1 sin (47 fit — 6p) gives four possible solu-

tions, of which only one satisfies Vpg > Voo, 1.€.,

K.

Vo = Voo(2 + —20) (5.15)
Ro

Vi = Voor/ K2 + K2 (5.16)
K

Op = + tan~ ! =2 (5.17)

K
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where

TsRo 1
K- - - 5.18
DY T AnfiRoCo’ (5.18)
L K
Ky;= /=L K, =2K. d K = ———. 5.19
3 Cp’ 4 2, an 5 Ro ( )

The calculation of the steady-state solutions is summarized as follows. Given
circuit parameters K; to /(5 in (5.18) to (5.19), and V( being regulated by the
outer voltage loop, Vp; can be calculated using (5.10), Vg using (5.15), and Vp,
using (5.16).

5.3 Analysis and Implementation of Non-Cascading

Output Configuration

5.3.1 Theoretical Analysis for Efficiency Improvement

We denote 7, and 7, as the efficiency of the isolated PFC converter and the
buck converter, respectively, and define k as the percentage of the output power
from the pre-regulator that goes directly to the LED load. For our non-cascading

structure, the overall efficiency 7 is given as

n = kn + (1 —k)nne, (5.20)

where £ < 1,17, < 1,and 1y < 1.

Rearranging (5.20) gives

n=m(n2+ k(L —1n2)) = mns. (5.21)

Obviously, 7} is the equivalent efficiency of the “improved” buck converter. Re-
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ferring to Fig. 4.3, the LED is connected in series with two voltage sources con-
sisting of V,,,; and vc,,. The power provided by the output of the buck converter
and vy, can be calculated as Iy ppV,.: and Iy ppve,,, respectively, where I1gp
is the LED driving current. The corresponding input power of the buck converter
is therefore given as I gpVour /72 = ILep(Viep — voyg,) /M2, Where Vigp is the

voltage across an LED. Hence, further simplification gives

VLED

/

- , (5.22)
T Ve, + (VLED — Ve, ) /12

- YCns (5.23)

Ve + (Viep — vep,)/m2

Typical forward diode voltages of red, green, blue and white LEDs are 2.4 V, 3.55
V, 3.75 V and 3.75 V, respectively. Different packages of LED lamps may inte-
grate identical LEDs in series or parallel producing forward voltages and currents

in multiple of that from a single LED.

From the voltage transfer property of the buck converter, 0 < dpyex =
Viep—vopy < 1, we have the following inequality

UCpy

0< Vogy < VLED < Vog, + VCpy = ‘/o (524)

Specifically, if v, 18 equal to 0, the circuit reduces to the conventional cascad-
ing structure. For practical applications, Vi gp is fixed and 7, in (5.22) can be
estimated by calculating the power dissipation of the buck converter. Hence, it is

available to determine v, and V, for the maximum of 7).

5.3.2 Optimization with Independent Brightness Control

Now we illustrate, using an example, the technique of optimizing efficiency
for the non-cascading configuration. Suppose that the LED lamps are series-

connected, composing of four blue LEDs with Vi gp = 14.45 V. Three such
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series-connected LEDs are connected in parallel to draw a driving current of
1020 mA. A current source based on a buck topology using LT1510 operat-
ing at a switching frequency of 200 kHz is used for illustration. Fig. 5.3 gives
the schematic of the buck switching converter behaving essentially as a current
source whose magnitude is controlled by a PWM signal. PWM gate pulses, Vpwm
and Vpwr, which are applied at a frequency of 200 Hz to the MOS transistors
(1 and (), respectively, can change the intensity of the lamp instantaneously at
a fixed color point. For lighting applications where 100 % dimming is normally
not necessary, (J; in Fig. 5.3 can be removed. Here, without loss of generality,
Vpww 1s kept low and ()5 is replace by a short circuit. We have calculated the
power dissipation in the IC circuit [112], including loss dissipated in the bias and
driver, switch resistance, switch transition, current sensing resistor, conduction
loss of the buck inductor and the freewheeling diode, where the buck inductor
parasitic resistance of 0.45 () and the Schottky freewheeling diode voltage drop
during on-stage of 0.5 V are used in the calculation. Fig. 5.4 plots the efficiency
12 of the buck converter versus v¢,, for different values of V, (= vey, + vog,)-
From Fig. 5.4, when V,, is constant, 7» increase with v, because of larger duty

cycle and smaller conduction current flowing into Dp.

From (5.22) and Fig. 5.4, we can plot the efficiency 7, versus v¢,,, and V, to
form a surface, as shown in Fig. 5.5, where the surface with projection inside the
red triangle on the vc,,-V, plane is non-operational for the IC as it needs a supply
voltage vy, higher than 7.8 V. To help visualize how 7, changes with v, and
V,, a family of curves are given in Fig. 5.6. These curves illustrate that 775, is much
higher at v¢,, ~ 12 V for the whole range of V,. Therefore, the maximum 7,
must be on the line of interception between the efficiency plane and the vertical
plane at ve,,, =12 V. The line is redrawn in Fig. 5.7, where the maximum of 7,

occurs at (Voy,, Vo) = (12'V, 19.8 V), as shown in Fig. 5.5.
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Figure 5.3: Switching converter with PWM control as a constant current driver.
The connection point G is shown in Fig. 5.1.
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Figure 5.4: Efficiency 7, of the buck converter in the non-cascading structure at
different values of V. Dotted lines are theoretical calculations and diamonds are
experimental data points.

According to (5.8), the capacitor voltages at 2 f; can be expressed as follows:

VCp (t) = UCpy, — VCpi, Sin(4ﬁflt)a (5.25)
Ve, (t) = Ve, — Vep,, sin(4m fit), (5.26)
Vo(t) = vop, (£) + v, (t) (5.27)
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Figure 5.6: Efficiency 7, versus v¢,, at different values of V, from Fig. 5.5.
where voy, and ve,, satisfy (5.10), depending on the values of the filtering

capacitors C'g; and Cgs and the transformer coupling coefficient. Rewrite (5.10)



Chapter 5. Non-cascading Structure for Electronic Ballasts 91

093 [T Ve 12V

0.9

0.89
1445 16 18 20 22 24 26 28 30

V,(V)

Figure 5.7: Efficiency 7} versus V, at vo,,, = 12 V from Fig. 5.5

by considering their respective reactive powers:

1—k)P,
Cp = ( ) (5.28)
A frvep,  vop,,
kP,
Cha (5.29)

47Tfl710320 UCpa,

U (% . .
It should be noted that —212 = —Z — ™. for unity coupling of the transformer
VCpa, VCpo, m2

of turns ratio of n : my : Mma.

Equations (5.25) to (5.29) indicate that the non-cascading converter is not
operating at a single efficiency point of 7}, but rather operating along the line
segments centered at the chosen point of (Vcy, , Vo), as shown in Fig. 5.5. The
line segments centered at Vo, =12 V and V, = 19.8, 21, 21.8, 24 and 27 V are
illustrated in Fig. 5.5. To minimize the cost of filtering capacitors, the maximum

allowable v, is calculated from (5.24), i.e.,
max(Vcg, ) = VLED — Vop,, = 1445 —12=2.45 V. (5.30)

Shown in Fig. 5.5 are line segments in the v, projection limited to 2max(vey,, ) =

4.9 V, where the operating points at (12 V, 19.8 V) and (12 V, 21 V) would not
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lead to the use of minimum filtering capacitors.

Clearly, the efficiency 7}, varies periodically in half-line-period along one of
the efficiency curves, as illustrated in Fig. 5.5. The average efficiency 7} for the
non-cascading converter is calculated by substituting (5.22), (5.25), (5.26) and

(5.27) into the following expression:

_ 9 T;/2
B0Cuy Vs V) = 7 / (e (. Vo(O)dt (5.31)

Using (5.28), (5.29) and (5.31), we get Fig. 5.8, which shows the rela-
tionship between C'g; (or Cgs) and 77_5 Three curves are calculated at different
values of (vep, , Vo,) With vey, varying from 2.45 V to 1.225 V by increasing

the values of C'g; and Cps.

5.3.3 Extension to More Structures

To give an idea of how the efficiency of the non-cascading converter changes
with different numbers of LED lamps in parallel and in series, Fig. 5.9 gives the
maximum 7}, for three parallel connections of different number of series con-
nected LEDs at a total current of 1020 mA. Also shown in Fig. 5.9 are effi-
ciencies for the same buck converter using synchronous rectifiers [127], Schottky
diode and ultra-fast diode with a forward voltage of 0.05 V, 0.5 V and 1.0 V,
respectively. Fig. 5.10 shows the maximum 75, for different number of parallel

connection of LEDs at Vigp = 14.45 V.

In practice, RGB or white LEDs may have different values of V1 gp and thus
the maximum 7/, may vary. We also note that separate PFC transformer turns
ratios should be used for red, green and blue LEDs to achieve the corresponding

maximum efficiency.
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Figure 5.8: Average efficiency 7, as a function of C'z, or Cg,. For a given 1, the
values of C'z; and Cps are in one-to-one correspondence.
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Figure 5.9: 1}, as a function of LED counts in series. Vi gp is calculated using an
integer multiple of 3.6 V. Three curves are plotted for the buck converter using
synchronous rectifier, Schottky diode and ultra-fast recovery diode with forward
voltage of 0.05 V, 0.5 V and 1.0 V, respectively.

5.4 Experimental Evaluation

A prototype of the proposed LED electronic ballast has been built for driv-
ing LED lamps having a total power up to 100 W. The PFC pre-regulator is reg-

ulated using the conventional ACM control. Using the results of the last two
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Figure 5.10: 75 as a function of the number of parallel connected LEDs. Driving
current of integer multiple of 350 mA are used for the calculations.

sections, we arrive at the components and parameter values shown in Table 5.1.
In particular, C), is chosen according to w, = \/UTPCP such that w, Ty > .
This allows the energy stored in L, to be completely discharged before the start
of the next switching state, thus minimizing circulating current. The output volt-
age vc,, 1s designed at 12 V to give the optimum efficiency. The transformer
turns ratio in Table 4.1 gives V,, = 24 V. Thus, the efficiency of the buck converter
in the non-cascading structure can be obtained from Fig. 5.4 as 66.8 %. Also, k
is obtained using (5.23) as 76.6 %. The output capacitors C'z; and C'gy should
be large enough to serve as voltage hold-up capacitor at 2 f; for the maximum
loading condition. Considering the minimum operation voltage requirement of
the the LED current driver, the voltage fluctuation can be as high as % <0.2.In

. ve )
the experimental setup, we use ——t = 13312
v 12

CB2,

= 0.125 to achieve a much larger
range of voltage safety operation region. The output capacitors are calculated
using (5.25) and (5.26) as C'g; = 2.12 mF and Cgs = 6.72 mF. We use capacitors
of 2.2 mF /50 V and 6.9 mF /50 V for C'z; and C'ps, respectively.

Fig. 5.11 shows a comparison of the normalized voltages of the experimen-
tally measured and calculated results of the PFC pre-regulator for the different

values of the output power Pp. Table 5.2 compares the calculated values of volt-
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Table 5.1: Components and parameter values used in experiments.

Components/parameters  Values

L 2.92 mH

C, 242 nF

L, 35 uH

Ly, 1.85 mH

turns ratio n:my:mso 33:2:2

Cpi1, Cpa 2.2mF/50V, 6.9 mF/50 V
fs 100 kHz

fi 50-60 Hz

Vin 100240 Vrms AC
Sh NTP6N60

Sy, S3 IRF840

D CSD6060
secondary rectifier diode MBR?2545

Q2 70NO6L

Table 5.2: Calculated (cal) and measured (mea) voltage stress vp(max) and current

Stress 4p(max) at different output powers.

Power(W) UD(cal) (V) UD(mea) (V) ip(cal) (A) Z'p(mea) (A)
20 405 420 0.382 0.385

40 414 434 0.765 0.77

60 423 446 1.151 1.18

80 432 458 1.539 1.65

100 441 470 1.926 2.03

2.5

Calculation curve
Amee Experimental data
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A Vpo

Voo
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Figure 5.11: Comparison of the calculated and experimental values of Vg, Vo1,

Vpo and Vp; normalized to V.

age and current stress using (5.2) and (5.3) with the measured values.

Figs. 5.12 and 5.13 show the experimentally measured waveforms of vy, v;,
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Figure 5.12: Experimental waveforms of vp, ;, and 7, at full load and 100 Vrms

AC input.
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Figure 5.13: Experimental waveforms of vp, ;, and 7, at full load and 240 Vrms

AC input.

and i;, at full load conditions for 100 Vrms and 240 Vrms AC input, respec-

tively. We see that ¢;,, is regulated as a nearly perfect sinusoidal waveform at

110 Vrms AC input. The power factors and efficiencies measured at 100 Vrms

and 240 Vrms AC inputs are shown in Figs. 5.14 and 5.15, respectively, for dif-

ferent loadings. The low power factor measured at 240 Vrms AC input is due

to the converter operating into DCM at the low power level, making the boost
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Figure 5.17: Voltage waveforms of v, (see Fig. 5.2) and vy, of S and Ss.

inductor current difficult to track the sinusoidal reference current. The efficiency
figures are typical for low output voltage design where a relatively high ratio of
rectifying diode drop to output voltage has been observed. Fig. 5.16 gives the
gate signal sequences of three MOSFETs S, S5 and S35 and the resonant current
i, flowing into the transformer primary. Fig. 5.17 shows the voltage stress of the
switching MOSFETs. Even without the use of snubber circuits [123], the voltage

ringings across the power switches are relatively small.

The measured efficiency 7y of the buck converter is plotted as diamonds
in Fig. 5.4. An evaluation of the effectiveness in the brightness control of the
circuit in Fig. 5.3 is shown in Fig. 5.18. The corresponding waveforms of PWM
current generated by the converter with and without the incorporation of ()5 in
Fig. 5.3 are shown in Figs. 5.19 and 5.20 respectively. Fig. 5.21 gives the voltage
ripple across storage capacitors C'g; and Cps and the LED lamps can operate
effectively. The measured 75, are 92.07 % and 92.14 % for the circuit in Fig. 5.3
with and without (), respectively, and 7, is 89.26 %. An improvement of as high

as nearly 3 % in efficiency has been achieved with very little additional cost.
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Figure 5.18: Evaluation of brightness control of the circuit in Fig. 5.3 with ),
and without ()5 (which is replaced by a short circuit). The two control techniques
give identical brightness at duty cycle being 1. Squares and triangles are mea-
sured data points with and without ), respectively. Solid lines are fitted lines of
the measured data sets. Dotted lines are ideal linear responses of brightness con-
trol. The differences in ideal and measured brightness are due to the lower LED
luminous efficacy at higher junction temperature when the LED is operating at
higher output power.
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100

Chapter 5. Non-cascading Structure for Electronic Ballasts

Tek stop_ | [ i ]
: : ]
Vi [Chl]

1

i,5p[Ch4] : o : :
S —_— : 3 \....__......_.._._: : : : ;
chi[_10.0V M[1.00ms A Ch4 L 1.01A

EE S00mAQ

Figure 5.20: Waveforms of LED driving current generated by the converter
shown in Fig. 5.3 with @), being replaced by a short circuit. It is observed that

1149.60 %

iLED 18 not zero when Vpwy = 1.

irep [Ch4]
z\ .
EEITS 00V n T Ml 00ms A Chi £ 15.3V]

Figure 5.21: Voltage ripples of vcp1, vope and the LED driving current iy gp.

Ch3[ 5.00V &Ch4[ 500mA% |

48.60 %



Chapter 5. Non-cascading Structure for Electronic Ballasts 101

5.5 Summary

The efficiency and lifetime of LED lamps are approaching and expected to
exceed those of fluorescent lamps. Driving the LED lamps independently from
an offline power supply poses a number of design challenges, e.g., maintaining
low harmonics of input current, ensuring long lifetime of power converters, and
achieving precise light control and high running efficiency. Chapter 4 and this
chapter present an effective LED ballast for driving multiple LED lamps inde-
pendently. The first stage is an isolated PFC converter which uses low-voltage
capacitors at the secondary sides to reduce cost and extend the converter life-
times. The non-cascading structures improve the overall efficiency at nearly no
cost. Analysis and design methods have been given. Experimental verifications
have shown excellent agreement with theoretical predictions. In the next chapter,
a low-cost transformerless converter will be developed for the retrofit of incan-

descent lamps.



Chapter 6

Resonant Assisted Buck Converter

for Low-power Lighting Applications

6.1 Introduction

To promote energy saving, many governments in the world, such as United
States, European Union and Australia, have implemented measures to phase out
energy inefficient incandescent light bulbs. Energy efficient LED lamps in a

PAR30 style housing can be direct replacements of the incandescent light bulbs.

In Chapters 4 and 5, LED ballasts of various power levels for the indepen-
dent brightness control are illustrated. The ballasts use high-frequency step-down
transformers and associated soft-switching techniques to achieve the required
step-down ratio. The designs allow low-voltage capacitors having long lifetime
to be used in the secondaries of the transformer, matching the life expectancy
of LEDs. The designs also utilize two non-cascaded structures for efficiency
improving. In this chapter, the same objectives of long lifetime and efficiency

optimization will be used to design the LED replacement lamp.

102
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LED lamps are prospective successors of incandescent lamps with much
higher efficacy of about 90 Im/W and 75 Im/W for cool and warm white LEDs re-
spectively as listed in Table 1.1 in Chapter 1. Compared with incandescent lamps,
LED replacement lamps in a PAR30 style housing are expected to have more
than 80 % energy saving and much longer lifetime. Earlier energy-saving lamps
for home applications do not work properly with the existing dimmer switches.
To gain the public acceptance, the LED replacement lamp should be designed
to work with dimmer switches, such as conventional leading-edge dimmers or

trailing-edge MOSFET dimmers.

To produce 1000 Im (typical luminance flux from a 60 W incandescent
lamp), approximately 12 LEDs of 1 W each are needed to be integrated into a
PAR30 style housing. Here, we use high flux white LED, XREWHT-L1-0000-
00CO02 from Cree, Inc. The LED has luminous efficacy of 100 Im/W driven by
a current of 350 mA at a junction temperature 7 of 25 °C [128]. The 12 LEDs
are configured in parallel with two branches of 6 LEDs each in series. Therefore,
the LED ballast should provide an output current of 700 mA at a typical load-
ing voltage of approximately (3.3x6 =) 19.8 V at T} of 25 °C from a universal
line voltage of 100 to 240 Vrms. For such a high-voltage step-down ratio, a trans-
former is usually used. However, such a transformer has large leakage inductance
whose energy needs to be re-cycled or dissipated properly. Otherwise the energy
will appear as voltage or current stress to the devices connected, complicating the
ballast design or reducing the converter efficiency. Consequently, transformer-
less design can be more attractive, especially in the low power and cost effective

applications.

The traditional PWM single-switch buck converter is among the most ef-
ficient transformerless step-down converters. However, to provide power factor
correction, the buck converter operating in CCM normally requires an averaged
current controller with considerable cost. Such averaged current programmed

power converters are mostly not compatible with existing dimmer switches, re-
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ducing the popularity of the replacement lamps built. The CCM buck converter
may also suffer from loss caused by the high reverse recovery current of the high-
voltage freewheel diode. On the contrary, the buck converter operating in DCM
is input resistive with the simple duty cycle control, providing the natural power
factor correction. As the freewheeling diode turns off naturally, the diode recov-

ery current does not exist ensuring high efficiency.

A small LC line filter in front of the buck converter can provide enough
filtration of the high frequency switching current ripples operating in either CCM
or DCM, meeting the requirements of current harmonics limitation as specified
in EN 61000-3-2 Class C in Table 2.1 in Chapter 2 for ballasts below 25 W.
However, the output switching ripple current of DCM operated buck converter
flowing into the charge storage capacitor is several times that in CCM. It will
reduce the lifetime of the capacitor, as well as the lifetime of the replacement

lamp.

In this chapter, a high-step-down-ratio and high-efficiency resonant assisted
buck converter for low-power and cost effective LED replacement lamps is pro-
posed to achieve the design objectives of long lifetime and efficiency optimization
mentioned above. Section 6.2 introduces the characteristics of the converter. The
detailed analysis and implementation of the converter are given in Section 6.3.
The performance of the proposed LED driver system is evaluated in Section 6.4.

Section 6.5 concludes this chapter.

6.2 Overview of the Resonant Assisted Buck Con-
verter
The buck converter operating in discontinuous conduction mode is input

resistive with the simple duty cycle control, providing the natural power factor

correction. The buck converter operating in continuous conduction mode can
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provide a continuous driving current that reduces the current stress on the charge
storage capacitor and thereby extends its lifetime. Using two buck converters
connected in cascade as shown in Fig. 6.1 can provide power factor correction
and reduce switching current ripple to the charge storage capacitor. However a

two-stage design is less efficient.

Figure 6.2 (a) shows the high-step-down-ratio resonant assisted buck con-
verter. The idea is to eliminate switch S5 in Fig. 6.1, thus we can reclaim the
switching and conduction loss due to S;. To synthesize the functionality of Sy,
Ly and C are designed near resonant with the resonant frequency several times
higher than the switching frequency. The switch S is turned on for a duration
of dT'. Typical waveforms of the converter are illustrated in Fig. 6.3. The diode
D, clamps the current z;, of L, at a single direction, forcing it to operate at dis-
continuous current mode. Likewise, the voltage v; is clamped by D, to form
a sequence of half-sine waveforms. The second stage is an ordinary buck con-
verter consisting of Dy, Ly, Cy and the LED lamp. Consequently, the resonant
frequency %\/;in@ is designed to be much lower than the frequency of vy, i.e. the
switching frequency fg = % of S;. Essentially, the current ¢7, can be approxi-
mated as a current source loading to the first stage circuit, as shown in Fig. 6.2
(b). The volt-second of v; in Fig. 6.2 (c) can be used to calculate the steady-state

current ¢z, and I1gp.

6.3 Analysis and Implementation

The proposed circuit in Fig. 6.2 (a) will drive LEDs directly from universal
mains with an input line filter consisting of L; and C;. Both the dynamics at
the switching frequency and the line frequency are important for designing the
converter. We will formulate the states of operation at switching frequency in the
next subsection. The information obtained will be used subsequently to design

converters for offline applications.
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Figure 6.1: Two buck converters cascade together to drive an LED lamp.
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Figure 6.2: High-step-down-ratio resonant assisted buck converter. (a) The con-
verter circuit. (b) Circuit model for the input stage. (c) Circuit model for the
output stage.

6.3.1 Operation Near Switching Frequency

The operation of the proposed converter has been highlighted in the last
section. In this section, the detailed operation of the converter will be described.
As shown in Fig. 6.3, there are four main states of operation within a switching
cycle. State 1 is the duration when S, turns on. The inductor current i;, reaching
zero marks the end of state 2. The capacitor voltage v; reaching zero marks the
end of state 3. The remaining time of the switching cycle is defined as state 4.
For simplicity, we assume 57, D; and D, being ideal switches. The system of

equations is formulated as follows.

1) State 1 At the beginning of a switching cycle, because of discontinuous

operations of L; and C'y, we have i;,, = 0 and v, = 0. The continuous operation



Chapter 6. Resonant Assisted Buck Converter 107

Va

Vi

Figure 6.3: Illustrative waveforms of the high-step-down-ratio resonant assisted
buck converter shown in 6.2 (a).

of L, forces Dy to conduct. After S; turns on, the inductor current iy, starts
to rise linearly until it reaches ¢y,, or Sy turns off. If S; stays on, L, starts to
resonate with C', making its current less linear. State 1 is therefore subdivided

into state 1a and state 1b, formulated as (6.1) and (6.2) respectively.

(

state 1a: 0 <t < d,T
Z‘Ll (0) - 0
01(0) =0
I, <ip,(d,T) ifd,=d 6.1
i1, (duT) = 2 ©D
i, (d.T) ifd, < d
vi(t) =
dZL1 (t) . @
\ dt I,



108

Chapter 6. Resonant Assisted Buck Converter

(state 1b: d,T < ¢ < dT

i, (daT) =1L, (daT)

U1 (daT) =0
(%1 (dT) = ‘/1
diLl (t) . VE — U1 (t)
a L
doi(t) _ ir, () —ir,(t)
dt Cy

2) State 2 After S; turns off, L; and C; resonate until ¢;,, = 0. When

1z, = 0, diode D; turns off, preventing 7, from flowing in reverse direction. The

voltage v 4 is equal to vy, as indicated in Fig. 6.3. The system of equations of state

2 is formulated as follows.

state 2: d1" <t < aT

1, (dT) = ]1
U1 (dT) = ‘/1
iLl (OéT) =0 (63)
vi(aT) =V
dZLl (t) . —Ul(t)
d I
doi(t) _ ir, (t) —ir,(t)
dt Cy

3) State 3 After i;,, = 0, capacitor voltage v; is continuously discharged by

11, until it reaches zero. The voltage v; is kept at zero because iy, turns on Do
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just after v; = 0. The system of equations of state 3 is formulated as follows.

(state 3: aT < ¢ < pT
11, (t) =0
v1(aT) =V (6.4)
(%1 (6T) =0
dvl(t) _ —[L2
\ dt Ch

4) State 4 The voltage v is kept at zero because iy, turns on D, just after

v1 = 0. The system of equations of state 4 is formulated as follows.

state4: 0T <t <T

v1(t) =0

The inductance L is designed to be relatively large for the small current
ripple in driving the LED strings. Due to the small current ripple of i;,, we may
assume that iy, (t) = i, (t) = I.,. I, varies slowly relative to the time scale
of the switching frequency. Therefore, it can be assumed constant at the time
scale of 7. Solving (6.1) and (6.2), we obtain [;(d) and V;(d) in (6.6) and (6.7)

respectively.

V]sz ifd, >d

I(d) = ! v (6.6)
I, + 7]5 sinw,(d —d,)T  ifd, <d
0 if d, > d

Vi(d) = (6.7)

Ve [1 — cosw,(d — da)T} ifd, <d
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where

I;, L,
d, 2 6.8
VT (6.8)
= L and (6.9)
Wy = 4/ T.C .
Ly
=4 = 6.10
. (6.10)

For high-voltage-step-down applications, w,(d — d,)T is small. Using the

approximation of lim, .o sinx ~ x, (6.6) can be simplified to

VgdT
I(d) ~ ’zl . (6.11)

The input power to the power converter can therefore be calculated as

P —1/dTV' dt ~ T(dV)2 (6.12)
IN—T ; ElL, N2L1 E .

Solving (6.3), we obtain the following equations for state 2

v
ip,(t+dT) = (I, — Ip,,) cosw,t + I, — 71 sinw,t, and (6.13)

T

vi(t +dT) = Vi cosw,t + (I — I1,)Z, sinw,t. (6.14)

In (6.13) and (6.14), the dependency of /; and V; on d are not indicated for clarity.

Rearranging, we get

i, (t+dT) = Acos(w,t + o) + I1,, and (6.15)

vi(t+dT) = AZ, sin(w,t + o), (6.16)
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where

A= /(I = Ip,)? + (Vi/Z,)?, and (6.17)
. W)z
_ 1 T

o = tan L =1, (6.18)

Putting the right hand side of (6.13) to zero, the boundaries of state 2 are

obtained as

0—o

a=d+ . and (6.19)
w, T
Vo= /L1 —201,) 22 + V2, (6.20)
where
17
0= 1 2, 6.21
cos Y ( )

In order that (6.20) has a solution, the following design constraint can be imposed

I — 21, > 0. (6.22)

To reduce the conduction time of Dy, o can be made small by using a higher w,..

Solving (6.4), we have

o

ﬁ_]@T

+ a. (6.23)

If V, = 0, we have 3 = «a, where iy, and v; reach zero at the same time.
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6.3.2 Converter Design for Line Frequency Operation

The converter is controlled by the duty cycle d for the automatic power

factor correction. The input line voltage can be described as
Vin(t) = Vi sinwyt (6.24)
Thus, the instantaneous input power over a line cycle of angular frequency wj is

given from (6.12) as

T
Pix(t) = 2—L1(dvm)2sin2 wit (6.25)

The output voltage Vi gp is being held up by the charge storage capacitor Cy. We
may therefore assume Vpgp being constant. From power balance and (6.25), we

have

_ Pour P

I;. (t) = =
(1) Viep  Viep
T
= ——(dV;,)? sin® wit
2L1VLED( ) sin”w
T
:—dvm21— 2wt 6.26
4L1VLED( )" (1= cos 2uit) (6.26)

The average of I, over a line cycle gives I1,pp. Hence,

T ]Lg,max o T

Iigp = I1,(t) = > T 1LV (dV;n)? (6.27)

6.3.3 Design Procedures and Implementation of the Con-

verter

Based on the line and switching frequency analysis in Sections 6.3.1 and

6.3.2, the design procedures of the converter are given as follows.
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1. Denote I gp as the rated DC current of the LEDs.
2. I, max 1s determined as 2/t gp from (6.27).

3. To make sure that ,; operates in DCM, d < UvLi The maximum duty

in,max

cycle dpayx 18 given as dyay = VLB

Vm,min

4. L, is determined using L; = 57—+ (diax Von.min)> from (6.27). To en-

4ViEpILED

sure DCM, L; should be smaller than this value.

5. C} is determined from f, < f,, where f, is given by (6.9). So C; >

T\2 1
(32)°Z;-

6. The maximum of v; should occur during state 2 in a switching period. From

(6.16), vy = \/V2 + (I} — I1,)2Z2 and assuming relatively small V;, we
get
Ul,max ~ (]1 - ]LQ)ZT (628)

where I; is given in (6.6). v max OCcurs at maximum vi, such that Iy,

equals 2/ gp.

7. Lo can be determined using its allowable peak-to-peak current ripples Aips.

From Fig. 6.2(c), we have

di Vi maxSilw,t — Vigp dI' <t < aT
Lz% - (6.29)
Vy — &4t — Vigp ol <t < BT

where o, 3 and V5 are calculated using (6.19), (6.23) and (6.20) respec-

tively.

Integrating (6.29) gives

1 max
Lo = — {Ul’ (cosw, Ty — cosw,.(a — d)T') — Vigp ((a — d)T — Tp)
Airs | w,

1 17,12
+— (VQTl— ;2 L —VLEDT1> (6.30)
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where Ty = L sin™! AED and T} = V"”T‘;m(ﬁ —a)T.

Wy V1,max

8. (% is obtained using its allowable peak-to-peak voltage ripple AVgo from
power balance between the input and the output for half of a line period.
From (6.26) and (6.27), I, (t) = I1,(t) — I gp. Integrating I, (t) for half

a line period, we have

_ Pour
4 fiVigpAVes

Cy (6.31)

6.4 Experimental Evaluation

A prototype converter shown in Fig. 6.2 (a) has been constructed for perfor-
mance evaluations. For the rated power output of 19.8 Vx 0.7 A=13.72 W, L,
is chosen as 70 pH using design procedures 1 to 4 described in the last section.
The corresponding maximum duty cycle is 0.105 at 100 Vrms AC line input. The
switching frequency is designed at 56 kHz to reduce the switching loss at part
load [129]. Most PWM IC chips do not provide PWM signals of adequate accu-
racy near a duty cycle of 0.1. To generate the required PWM signals efficiently,
the switching frequency is quartered from a 230 kHz PWM generator using D
flip-flops, effectively generating duty cycle from 0 to 0.25 at 56 kHz. Using the
design procedure 5, C'; should be larger than 115 nF. From (6.28), v} jax = 58.6

V. To have AIZLQ = 20 %, L is detemined as 649 pH using (6.30). Fig. 6.4 gives
2
the value of L, varying with C at a current ripple level of AIZLLQ =20 %. With

2

the same ripple current, larger C', corresponding with smaller Lo, will make D,
conduct more and D conduct less as indicated in (6.19) and (6.23) respectively.
In practice, the voltage rating of D5 should be above v; max, Schottky diodes with
a low forward voltage smaller than 0.5 V can be used. While the voltage rating of
Dy is the maximum amplitude of the input AC voltage, an ordinary silicon diode

for D; having the forward voltage of about 1 V is used. Fig. 6.5 illustrates the
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Figure 6.5: Power loss in diodes at output current ripple level of ILL2 =20 %.

2

calculated power loss distributed on diodes at the peak voltage of 141 V of the

AC main. When (] is smaller than 291 nF, D; and D, conduct together. Due to

the lower conduction voltage of the Schottky diode D5, the loss in the diodes is

smaller with smaller C;. Fig. 6.6 gives the experimentally measured efficiency

versus the capacitance of C; with Ly given by Fig. 6.4. Hence, to improve the

efficiency, large Lo and small C' are selected. Here, we use C of 220 nF and

Ly of 457 pH. Cy is 1500 pF to ensure less than 10 % voltage ripple feeding on
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Figure 6.6: Efficiency of converter with different values of C'; at 100 Vrms AC
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Figure 6.7: Normalized illuminance efficacy and corresponding current ripple
versus different values of C.

the LED load. As analyzed in Section 6.2, a 63 V rated Vishay capacitor of C} is
used. Long-lifetime polyester film or ceramic capacitors can be used for C;. D,

is Fairchild ultra-fast diode MURS860. D, is IR Schottky diode MBR20100CT.

Fig. 6.8 shows the experimental waveforms of vy, #i,, VLgp and [y gp for
100 V and 240 Vrms AC input, respectively, where iy, is the line current observed
in front of a line filter consisting of Ly = 300 pH and C'y = 220 nF. LED load

is two parallel branches of 6 cool white Cree LEDs connected in series. Power
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Figure 6.8: Experimental waveforms of vy, %, Vogp and Ipgp at two line input
voltages. (a) 100 Vrms AC input. (b) 240 Vrms AC input.

factor is measured to be 0.996 and 0.988 for the two line voltages respectively.
Note that the voltage ripple is about 10 % of Vi gp. The current ripple is measured
to be as high as 270 mA for I gp = 700 mA. Fig. 6.7 illustrates the normalized
illuminance efficacy (Lux/W) versus C5, showing very little impact of current

ripples on illuminance efficacy. Fig. 6.9 gives the waveforms of v4, vy, 7z, and
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Figure 6.9: Experimental waveforms of v4, vy, 41, and ¢y, at two peaks of input
voltage. (a) 141 V (peak of 100 Vrms line input). (b) 339 V (peak of 240 Vrms
line input).

i1, at the peak of 100 and 240 Vrms inputs. The small i, switching ripples
guarantee the longer lifetime of the output capacitor C5. The efficiency shown
in Fig. 6.10 is typical for low-current applications where switching loss becomes

relatively high with the higher input voltage.
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Figure 6.10: Converter efficiency versus line input voltage at rated power.

Fig. 6.11 gives two sets of experimental waveforms of the rectified voltage
Urec after the bridge rectifier, vy, i1, and Iy gp when the LEDs are dimmed at 100
V rms AC input using trailing edge control. Fig. 6.11(a) uses C; = 220 nF and
Ly =457 pH. Fig. 6.11(b) uses C; = 470 nF and Ly, = 204 pH. The values of
C} and L, follow Fig. 6.4. Obviously, Fig. 6.11(b) shows more ringings in L,
just after turning off of v,.. by the dimmer. The measured efficiencies are 90.56
% and 89.69 % for Figs. 6.11(a) and (b) respectively, showing better efficiency of

using smaller .

6.5 Summary

A high-step-down-ratio high-efficiency transformerless resonant assisted buck
converter for LED lamps is proposed for applications of incandescent lamp retrofits.
The discontinuous-conduction-mode operation of the inductor current allows the
simple duty cycle control to achieve both power factor correction and dimmer
device compatibility. Optimization with a resonant assisted filter eliminates the
switching frequency current ripples to the output charge hold-up capacitor, ex-
tending its lifetime. Thus low-cost high-density electrolytic capacitor can be used

in LEDs lighting applications with lifetimes comparable with those of LEDs. The
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Figure 6.11: Converter waveforms vy, iz, and ip gpp dimmed by v, using trailing
edge control at the same output ripple current of 20 %. (a) C; =220 nF and Ly, =
457 pH. (b) ¢y =470 nF and Ly, = 204 pH.

resonant assisted filter also allows using the low-forward-voltage Schottky diode
to improve the converter efficiency. Theoretical calculation and design proce-
dures have been presented for the converter. Experimental verifications have

shown excellent agreement with theoretical predictions.
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Conclusion

In this concluding chapter, we summarize the findings that have been ac-
complished in this project. Some possible future work and potential areas for

further development are also presented.

7.1 Contributions of the Thesis

LED lamps are praised as green lamps in the light of their green properties,
such as energy saving, mercury free, long durability, UV and IR radiation free.
These merits are attracting more attention to LED lighting applications in the in-
dustry. In this thesis, through the studies of color maintenance and LED ballasts,
comprehensive guidelines are provided for designing appropriate LED systems.

Specifically, the contributions of the thesis are stated as follows.

1. Chapter 3 investigates color control methods and analyzes the nonlinear
effects of junction temperature to color precision. A temperature compen-
sation technique using the LED turn-on voltage during the on-state of a

PWM period has been proposed. The technique can control the color ef-

121
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fectively, dramatically reduce the complexity, and eliminate the need for
using expensive feedback systems involving lighting sensors. The system
has been ported to a fully automatic computerized system for industrial

implementation.

Chapter 4 proposes a transformer isolated boost PFC pre-regulator oper-
ating in discontinuous conduction mode for LED ballasts in order to sat-
isfy the current harmonic limits and achieve high voltage step-down. The
pre-regulator uses the resonant technique to take advantage of the leakage
inductance commonly found in high voltage step-down transformers. The
resonant circuit allows the output charge storage capacitor to be placed
at the secondary of the transformer. In this way, the short-lifetime high-
voltage charge storage capacitor is no longer required. Instead, a low-
voltage long-lifetime capacitor can be used to extend the overall system
lifetime. The resonance structure also takes full advantage of the leakage
inductance of the high turns-ratio transformer to alleviate the voltage and

current stresses, improving the lifetime of main switching components.

. Chapter 5 derives the conditions for the converter in Chapter 4 to be op-

erated in continuous conduction mode for high power applications. This
chapter also presents a non-cascading configuration at the secondary of the
PFC pre-regulator to improve the overall efficiency via two output wind-
ings of the transformer. One of the outputs is connected directly (without
being processed) in series with the other output which is then current reg-
ulated by a PWM buck converter to drive an LED lamp. Since the energy
from one output winding can directly be used to drive the LED without
going through another power stage, a higher efficiency can be guaranteed.
A detailed design and optimization procedures are given and the results are

verified by experiments.

Finally, in applications with power lower than 25 W, the current harmonic

requirements are less stringent as stated in some international standards. A
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high-step-down-ratio and high-efficiency resonant assisted buck converter
for LED lamps is proposed in Chapter 6 for the application of incandescent
replacement lamps. The transformerless design boosts the converter effi-
ciency. The discontinuous conduction mode operation allows simple duty

cycle control and is compatible with dimmer devices.

7.2 Suggestions for Future Work

The unique features of LEDs arouse great concern and interest of academia
and industry in lighting applications. Based on the previous work and experience
gathered in the recent decade, and the work done in this project, suggestions for

extensions and potential areas for further studies are proposed here.

PWM of the LED driving current and measurement of the LED diode for-
ward voltage have been used for light color maintenance in Chapter 3. Investi-
gation of other current modulation methods is an interesting topic to study. The
use of PWM current driving provides predictable relationship between duty cycle
and light intensity with minimum alteration of other light properties. However,
the PWM dimming technique may have poor efficacy when the LED is driven
at some high current levels where the optical light output becomes saturated. In
such applications where the LEDs are driven near saturation for optimization of
the total achievable output lumen, dimming by AM will be a better alternative to
achieve a higher luminous efficacy. However, it is predicted that the AM dim-
ming for color maintenance can be complicated. The kinds of relationships that
exist among the electrical-thermal-optical behavior remain unknown. With the
boost in digital-signal-processor (DSP) programming powers, the compensation

may be achievable even if complex computations are involved.

For a LED having 75 Im/W, about 90 % of its electrical energy will be con-

verted to heat. Almost 90 % of the heat generated is not radiative and needs to be
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removed conductively. Thermal management of the LED light source becomes
an important issue for LED lighting applications in order to keep the LED below
its operating temperature. Otherwise its light output may be reduced and chip
degradation accelerated. Thermal management components such as heat sinks,
piezo fans, thermoelectric coolers, metal core PCBs and heat pipes are actively
researched for LED applications. Optimization of these thermal management
components specifically for LED applications can improve light output and pro-

long LED lifetime.

In the research of LED ballasts, we have proposed several driving circuits
for different power-level applications, targeting at improving lifetime and effi-
ciency. Other areas such as integrated magnetics and soft switching can be inves-

tigated to improve the power density and cost of LED ballasts.

For ease of thermal management, a single LED can provide about 100 Im
light output. In many applications, such as those used in stadiums, high lumen
flux of more than 1000 Im per lamp is needed. Several LED lamps are connected
in series or parallel to provide enough brightness driven by a single ballast for
cost saving. LED binning is used to overcome device variation in electrical and
optical properties, but this increases the cost. Therefore, circuits for automatic

current sharing or voltage sharing can be an important topic for investigation.
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