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ABSTRACT

Globally, about 19 % of total electrical energy produced is used for lighting applications.
Hence lighting loads have significant potential for improving energy efficiency and cost
savings. In view of this, energy efficient lighting sources need to be developed. The light
emitting diode (LED) is becoming a promising lighting source over conventional lighting
sources for a future generation due to its various advantages such as high luminous efficacy,
long life, solid state characteristic, compactness, ease of controllability and eco-friendliness etc.

LED lighting systems require constant current regulators to produce constant
illumination. These regulators must provide the features such as high efficiency, LED load
current regulation, dimming control, compact size, high reliability etc. Despite the availability
of several converter configurations and control techniques, there is enough scope for further
research in making a compact LED power driver with reduced component count, high efficiency
and dimming control to suit various application needs. This thesis work focuses on soft-

switched DC-DC converters for LED lighting applications.

This thesis proposes four LED driver circuit configurations. The objectives are to
provide high power conversion efficiency, reduced device current, powering of multiple
lighting loads with dimming, zero-voltage switching, reduced size of reactive elements, driving
LED lamps of different power ratings, regulation of LED lamp current against input voltage

variations and configurations suitable for high power lighting application.

The first proposed converter configuration comprises of a full-bridge topology with soft
switching inductor. It is powering four LED lamps of same rating. Regulation of LED lamp
current against input voltage variations is achieved using a buck-boost topology at the input
side. This configuration also provides PWM dimming control of all the LED lamps. It offers
zero voltage switching in devices of the bridge circuit. In this configuration, switches of the
bridge circuit carry a small current which is almost independent of LED lamp currents. Hence
conduction losses are reduced. This configuration provides high efficiency at both full
illumination and during dimming operation. It provides an efficiency 93.88% at full
illumination level. This configuration also provides reduced components count per lamp and
hence reduction in cost. This configuration can be extended to multiple LED lamps by addition
of legs in bridge. This configuration is suitable for street lighting as well as domestic lighting

applications.



The second proposed converter configuration consists of a full bridge topology with
multi-phasing technique for ripple free current. It powers two LED lamps of same rating. It
provides ripple free currents through two LED lamps. In this configuration, power processed
through bridge circuit is less and hence the losses are reduced. This configuration provides
current cancellation, which reduces current stress of the devices. This further reduces the
conduction losses. Zero-voltage switching is obtained in bridge circuit devices. This
configuration provides high efficiency at both full illumination and during dimming operation.
It provides an efficiency of 94.26% at full illumination level. This configuration can be extended
to multiple LED lamps by addition of legs in bridge. This configuration is suitable for street
lighting as well as domestic lighting applications. This configuration allows use of small value
of inductor and hence reduces size and cost. This configuration also provides PWM dimming

operation and regulation of LED lamp current.

The third proposed converter configuration consists of a three leg resonant converter.
This configuration is powering two LED lamps of different power ratings. In this configuration,
two series resonant circuits with different resonant frequencies are used to power two LED
lamps. This circuit operates simultaneously at two different frequencies. This configuration
provides regulation of LED lamp currents and independent PWM dimming control of LED
lamps. It also provides ZVS operation. This configuration provides high efficiency at both full

illumination and during dimming operation (>91%).

The fourth proposed converter configuration consists of a full bridge resonant converter.
This configuration is powering single LED lamp of high power rating. In this configuration,
LED lamp is powered by two voltages of different magnitudes derived from series resonant
converter. In this configuration, only small controlled power is used for regulating the lamp
current which increases the efficiency. This configuration provides ZVS operation and PWM
dimming control. This configuration provides high efficiency at both full illumination and
during dimming operation (>92%). This topology is suitable for applications where lamp
voltages are smaller than supply voltages like dc micro grid applications.

All the above four proposed LED driver configurations provide LED current regulation, low or
zero ripple in LED lamp currents, PWM dimming control, ZVS operation and high efficiency.

All these proposed configurations are analysed, simulated and experimentally validated.
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Chapter 1

Introduction

Sustainable development of a nation needs technology and industrial growth which
demand energy sources. To meet the energy demand, the governments are prompting the
technology developers for promoting the ways for sustainable energy sources. One of the viable
solution for energy sustainability is energy saving, which can be achieved by efficient use of
electrical energy. Electric lighting is one of the major applications of high energy consumption.
The importance of energy efficient lighting sources, drawbacks of conventional lighting
sources, LED technology, overview of driver circuits for LED lighting systems, motivation and
objectives, contributions of this thesis are presented in this chapter.

1.1 Need for Development of Energy Efficient Lighting Sources

8.06%

26.38%

' 10.60%

19.16%

35.80%

= Domestic® Commerical® Irrigation® Industries® Others

Total energy consumption=1098995 GWh

Figure 1.1 Total estimated electricity consumption in 2016-17 in India

Globally, about 19 % of total electrical energy produced is used for lighting applications
[1]-[3]. Figure 1.1 depicts the total estimated electricity consumption in 2016-17 in India as per
18" electric power survey which was conducted by central electricity authority (CEA) of India.
According to the survey, public lighting consumes about 10,021 GWh and domestic sector
electricity consumption is about 2,89,924 GWh, out of it 26 % is accounted for lighting systems.
Hence lighting loads have significant potential for improving energy efficiency and cost
savings. Energy savings can be achieved either by improving the energy conservation of
traditional lighting sources or by reducing the capacity of lighting devices using efficient
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products. Usage of efficient products helps in reducing significant amount of energy. In view
of this, energy efficient lighting sources need to be developed.

1.2 Conventional Lighting Sources

The first and most common light source is incandescent lamp. It produces light when an
electric current is passed through a filament. Incandescent lamps produce yellow color due to
the temperature of the filament. They can be turned on and off instantly without additional
circuit. These lamps utilize only 10% of electrical energy supplied and remaining is converted
into heat, hence surface temperature of incandescent lamps is high. The limitations of

incandescent lamps are low luminous efficacy (4-18 Im/W) and short life span (750-2000 hrs).

Fluorescent lamps produce light based on different mechanisms. They use electricity to
ionize mercury vapor which emits ultraviolet (UV) light. The phosphor which is coated inside
the lamp absorbs UV light and emits visible light. To produce visible light, fluorescent lamps
require an additional circuit called ballast. However, luminous efficacy (50-80 Im/W) and life
span (5000-8000 hrs) are high compared to incandescent lamps. Further heat produced inside
the fluorescent tube is less. The limitation of the fluorescent lamps is that they are not eco-

friendly due to the presence of toxic gas.

High-intensity discharge (HID) lamps produce light by means of arc discharge in arc
tube which contains electrodes, starting gas, and metal. They are classified as high pressure
mercury, metal halide, ceramic metal halide, and high pressure sodium discharge lamps based
on the type of gas and metal used in arc tube. HID lamps require current limiting ballast due to
negative resistance characteristic of arc discharge. The luminous efficacy (45-150 Im/W) and
operating life (20000-30000 hrs) of HID lamps are higher than incandescent and fluorescent

lamps. Like fluorescent lamps, HID lamps contain toxic gases.

Conventional lighting sources have less potential to save energy consumption and cost
which limit their wide range of potential applications due to their own drawbacks and
limitations. Lighting industry needs clean and energy efficient lighting sources to increase
energy savings. To make significant developments in the lighting industry, researchers have
been putting their contribution to develop alternate lighting sources. In the following section,
light emitting diode (LED) technology which is one of this kind is explained in detail.



1.3 LED Technology

Conduction band

Band gap
(forbidden band

valence band

Figure 1.2 Light emission in LED

Light emitting diode (LED) is a semiconductor device which emits light due to
electroluminescence. To generate light from an LED, it is fabricated as normal p-n junction
diode. The light emission in LED is shown in Figure 1.2. When the LED junction is forward
biased, the electrons from n-side cross the junction and recombine with holes. This
recombination produces photons. If the wavelength of emitted photons is in visible spectrum,
the exposed semiconductor area emits light. The light output from LED depends on the amount
of forward current through it. The current rating of high-brightness (HB) or power LEDs ranges
from 20 mA to 1500 mA based on illumination level of fabrication technologies used. Power
LEDs can be available in two different packages which are single LED fragment and multiple
LEDs fragments on single chip. LED transforms more than 90% of electrical energy into light
energy when it is forward biased and operation of reverse biased LED is not generally
recommended. The materials used in the fabrication of LED determines the emitted light colour.
The representation and electrical model of an LED are discussed in the following section.

1.3.1 Equivalent Model of LED

The symbolic representation and its equivalent electrical model of an LED are shown in
Figure 1.3. The LED is a device that emits light when a forward dc voltage is applied. The
electrical characteristics of an LED are similar to p-n junction diode. Hence Shockley diode
equation can be applied to study the electrical characteristics of an LED. According to Shockley
diode model, current in LED increases exponentially when the voltage across it is greater than

threshold voltage. The typical values of threshold voltage of LED is 2 V to 4 V which depends
4



on wavelength of emitted light. In high power LEDs ranging from 350 mA to 1500mA, the
internal parasitic resistance of LEDs should be considered in modelling of LEDs. Thus an LED
is represented by a series connection of a dynamic resistance rq, an equivalent voltage Vi and

an ideal diode [4]. The forward voltage across an LED when it conducts is given by
Vi =Vin +1ely (1)

Where VE is the forward voltage drop across LED, Vw is the threshold voltage of LED,
rq is the dynamic resistance of LED, Ir is forward current through LED.

LEDs are current controlled or current driven devices as their forward voltage is almost
constant for wide current variations. Since the power output from LED is proportional to current
flowing through LED, they must be powered from constant current switching power supplies
to get constant illumination. In the following sections, the attractive features of LEDs which
make them prominent light sources [5]-[7] and their applications [8]-[10] are discussed.
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Figure 1.3 Symbol and electrical equivalent model of LED

1.3.2 Advantages and Disadvantages of LED

LED lighting offers advantages and disadvantages:
Advantages:

i. LEDs are energy efficient lighting sources as compared to conventional lighting
sources.
il. The average operating life of LED is around 50,000 hrs. to 1, 00,000 hrs.
iii. LEDs are more reliable due to their solid state characteristic.
iv. They can emit light of different color without using color filters.
v. They do not produce heat.



vi. LEDs are green light sources due to their pollution-free lighting and their emission do
not contain harmful substances like in conventional lights.

vii. LEDs can turn ON/OFF instantly and frequent on-off cycling doesn’t affect the
operation of LEDs. Whereas, the instant switching of conventional lighting system
reduces the operating life.

viii. LEDs are compact which reduces the size of lighting equipment.

ix. They can provide wide range of brightness control which further improves energy
saving.

X. Sun phantom effect in LEDs is eliminated.

xi. Operation of LEDs requires a very low dc voltage source. Thus, LED based lighting
can be powered without using utility ac mains supply also. They can be supplied from
the battery or solar PV, and hence suitable for wide range of commercial and industry
lighting applications.

LEDs suffer from some limitations also. They are listed as below:

Disadvantages:

I. The initial cost of LEDs is much higher than that of conventional lighting sources and
hence LED based lighting systems are more expensive.
ii. LEDs require an efficient driver circuit.

iii. LEDs need proper heat sinks due to temperature dependent characteristics.

1.3.3 Applications of LEDs

LEDs are suitable for wide range of applications due to their several advantages like;
energy efficient, high operating life, high brightness, environment friendly nature, and
compactness. The applications of LED based lighting are listed as follows.

I.  General illumination

ii. Residential lighting

iii.  Automotive applications

iv. Street Lighting

v. Signal lighting

vi. Decorative lighting
vii. Liquid crystal display (LCD) panels

viii. Agriculture



ix. Communication applications
X. Biomedical applications
Due to promising features of LED lighting technology, it can make energy sector
stronger, reduce greenhouse gas emissions and change global economy. Therefore development
of energy efficient LED lighting systems is a current interest of research area in lighting
industry. In the following section, the need of driver circuit and different configurations for
LED lighting applications are discussed.

1.4 Driver Circuits for LED Lighting

LEDs produce light output when they are forward biased. They require dc voltage
sources to produce light output. LEDs are equivalent to constant voltage load. Light output from
LEDs is related to their forward current. To get steady illumination, LEDs current must be
constant. Hence a constant current regulator must be connected between LED load and the
driving source. The current regulator and LED load together is generally called as LED driver
circuit which is shown in Figure 1.4. Several types of driver circuits for LED lighting
applications have been proposed by different researchers based on the availability of driving
sources, such as AC fed LED drivers [11]-[36], DC fed LED drivers [37]-[64] etc. The
requirements of AC fed LED drivers and DC fed LED drivers are different. However, high
efficiency, LED load current regulation, dimming control, compact size, high reliability etc.,
are the main requirements to be met by LED driver circuit irrespective of the driving source.

Driving Current W I LED load

source regulator \N

Figure 1.4 Schematic view of LED driver

In AC fed LED drivers, the required constant current is supplied by the utility ac mains
supply. They are classified as passive LED drivers and switched mode LED drivers. Passive
LED drivers consists of only passive components such as capacitors and inductor. LED loads
are supplied with high ac ripple without active control. Hence they are simple, highly reliable,

cost-effective and they produce low electromagnetic interference (EMI) [11]-[14]. However,
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low power factor (PF), lack of precise current regulation, high source current total harmonic
distortion (THD), usage of large electrolytic capacitors and large size of inductors are the
limitations of passive LED drivers. On the contrary, switched mode LED drivers overcome the
limitations of passive LED drivers due to their high frequency operation. Due to active control
of switched mode LED drivers, they achieve high PF, low THD, precise LED load current
regulation, high efficiency, dimming control, compactness, isolation between LED load and
input etc [15]-[36]. Switched mode LED drivers are further classified as single-stage LED
drivers [15]-[24], two-stage LED drivers [25]-[32] and three-stage LED drivers [33]-[36]. In
single-stage LED drivers, both PFC and LED load current regulation are achieved with single
dc-dc converter. Due to less components, single stage drivers are used in low and medium
power lighting applications (<50 W). In two-stage LED drivers, PFC function and LED load
current control are performed separately using two dc-dc converters. The performance of two
stage drivers is better than single stage drivers. However, two stage drivers are complex and are
costly. Hence two stage drivers are applicable for medium and high power lighting applications.
In three-stage switched mode LED drivers, stage-1 and stage-2 perform PFC and dc-dc
regulation respectively and stage-3 is a post regulator which features dimming control and
current equalization in LED strings. Since each stage performs a single function, three stage
drivers are mainly suitable for high power lighting applications (>100 W).

In DC fed LED drivers, driving source itself is dc voltage which can be obtained from
PV, battery or dc grid. Since the driving input is dc source, PFC stage is not required. In
addition, DC fed LED drivers are efficient and more reliable. In DC fed drivers, LED loads are
supplied from either linear or switched mode dc-dc converters. The efficiency of switched mode
dc-dc converters is high and are more preferred for LED drivers [37]-[39]. Basic isolated and
non-isolated dc-dc converters are used for powering LED lighting loads [40]-[52]. Recently,
usage of soft-switching converters in LED lighting applications is increasing due to their high
efficiency, compactness and low EMI [53]-[64].



1.5

Motivation and Objectives of the Thesis

From the literature review on driver circuits for light emitting diode (LED) lighting

applications, the following observations are drawn.

Vi.
Vii.

viil.

Some of the configurations are not capable of providing soft switching feature.

Some of the driver circuits are having high device current or voltage stress.

The size of reactive elements in some of the circuits is high.

Some configurations do not provide regulation of LED lamp current against input
voltage fluctuations.

Some of the LED drivers are not able to drive multiple lighting loads

Only few circuits are having independent regulation and dimming feature.

Some of configurations are not able to drive LED lamps of different power ratings.
Some of the LED drivers described in literature have certain limitations such as low
power conversion efficiency, absence of pulse width modulation (PWM) dimming,
regulation of LED lamp current, lack of constant duty operation at constant frequency
and not able to support high power LED applications.

Despite the availability of several converter configurations and control techniques, there

is enough scope for further research in making a compact LED power driver to suit various

application needs.

The proposed research work aims at design and development of DC-DC converter

configurations for LED lighting applications with objectives to provide high power

conversion efficiency, reduced device current stress, powering multiple lighting loads with

dimming, zero-voltage switching, reduction in the size of reactive elements, driving LED

lamps of different power ratings, regulate LED lamp current against input voltage variations,

design for high power lighting application.



1.6 Contributions

This research work focuses on high efficiency DC-DC converter configurations with
low voltage or current stress on switching devices, dimming control and current regulation for
LED lighting applications. This necessitates use of soft-switching technique in DC-DC
Converter configurations. Four different LED driver configurations have been proposed. These

configurations and their features are listed below:

1. Soft Switched Full-bridge Light Emitting Diode Driver Configuration for Street
Lighting Application
Features:
I. High power conversion efficiency
ii. Reduced device current stress
iii. Multiple LED lamps with dimming
iv. Zero-voltage switching

v. Regulation of LED lamp current against input voltage variations

2. An Efficient Ripple Free LED Driver with Zero-Voltage Switching for Street
Lighting Application
Features:
I. Ripple free current through LED lamp
ii. ZVS operation
iii. Reduced device current stress
iv. Reduction in size of reactive components
v. High efficiency at full load and dimming operation

vi. Regulation of LED lamp current against input voltage variations

3. A Three-leg Resonant Converter for Two Output LED Lighting Application with
Independent Control
Features:
I. Capability of driving LED lamps of different power ratings
ii. Independent lamp current regulation
iii. Independent illumination control

iv. High efficiency with zero-voltage switching
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4. An Efficient Full-Bridge Resonant Converter for LED Lighting Application with
Simple Current Control

Features:

i. High power conversion efficiency with zero-voltage switching
ii. Regulation of LED lamp current against input voltage variations
iii. Dimming operation
iv. Constant duty cycle operation at constant switching frequency
v. Possibility of operation from large DC voltage source

1.7 Organization of the Thesis

This thesis is structured into seven chapters. The work presented in the following

chapters is summarized as follows.

In Chapter 2, review of the existing LED driver converter topologies and dimming
control techniques are presented. The relative merits and demerits of these topologies are also
discussed. This motivates for the research work presented in this thesis.

In Chapter 3, soft-switched full bridge configuration has been proposed for LED street
lighting application. The circuit operation, analysis and design procedure are explained.
Dimming control and current regulation are demonstrated. Simulation and experimental results

are presented. Efficiency characteristic is presented.

In Chapter 4, an efficient ripple free LED driver with zero-voltage switching for street
lighting application has been proposed. The circuit operating principle, analysis, design
considerations, dimming and regulation features are explained. Simulation and experimental
results obtained from the prototype are presented. An extension of proposed driver to multiple
LED lamps is also presented. Efficiency characteristic is presented

In Chapter 5, a three leg resonant converter has been proposed to drive two LED lamps
of different power ratings. Working principle and analysis of proposed configuration are
explained. LED lamp current regulation and independent dimming operations are explained.

Simulation and experimental results are discussed. Efficiency characteristics are presented.

In Chapter 6, an efficient full-bridge resonant converter with simple current control has

been proposed. The circuit operation, analysis and its design procedure are presented. Dimming
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control and regulation of lamp are explained. Simulation and experimental results are presented.

Efficiency characteristic is presented.

Chapter 7 presents the main conclusions of the thesis and scope for future work in this

research area.
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Chapter 2

Review of LED Driver Circuits
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Chapter 2

Review of LED Driver Circuits

LEDs are being used in number of applications due to their performance indices such as
high efficacy, high operating life, solid state characteristic and eco-friendliness. LEDs are dc
operated devices and have non-linear voltage-current characteristics like a diode. The
illumination level of an LED directly depends upon the forward current through it. In addition,
they behave like a constant voltage load with small dynamic resistance. LED output
characteristics clearly indicates that a small variation in its output voltage causes significant
current variation which changes the lumen output. The variation or fluctuation in the lamp
illumination is undesirable. To ensure uniform light output from an LED, it must be powered
from constant current regulator which is called as LED driver. This chapter presents an
overview of AC fed LED drivers [11]-[36], DC fed driver circuits for LED lighting applications
[37]-[64] and LED illumination control methods [68]-[75].

2.1 Classification of LED Driver Circuits

Driver circuits for LED applications can be classified based on the type of the input
source namely: 1) AC fed LED drivers and 2) DC fed LED drivers.

2.1.1 AC fed LED drivers

LED lighting loads require regulated constant DC current for producing uniform
brightness. In AC fed LED drivers, constant DC current is derived from AC utility line. These
drivers are classified as passive LED drivers [11]-[14] and switched mode LED drivers [15]-
[36].

2.1.1.1 Passive LED drivers

Passive LED drivers consist of passive components (resistor, capacitor, and
inductor/transformer) and diodes. The block diagram representation of passive LED driver is
shown in Figure 2.1. They do not have semiconductor switches, associated gate driver and linear
or active regulators. Without active control, they supply required dc current for LED load with
large ac ripple. In these drivers, output current control function is realized either by lossy or
lossless impedance at line frequency or double-line frequency. The limitations of passive LED
drivers are low PF, high THD in source current, requirement of large filter capacitor to avoid
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flickering due to 100Hz ripple in LED load, large size of inductors, lack of precise output
current control against input voltage variations etc. However, high reliability, simple structure,
low cost and less electromagnetic interference (EMI) due to absence of high switching
frequency operation are key features of passive LED drivers. They are suitable for applications
where high priority is given to reliability such as outdoor lighting applications.

Rectifier
‘If
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Figure 2.1 Passive LED driver

2.1.1.2 Switched mode LED drivers

Switched mode (S-type) LED drivers contain active switches and active switching
regulators. Due to high switching frequency operation of S- type LED drivers, they overcome
the limitations of passive LED drivers. S-type LED drivers use power factor correction (PFC)
converter to attain high PF and low THD in source current. Active control of DC-DC switching
converter in S-type LED drivers provide precise current control, high efficiency, and
compactness. The features of S-type LED drivers such as good PF, ability to regulate LED load
current against input voltage and load variations, dimming operation, isolation between LED
load and input, and protection in all aspects make them suitable for wider range of applications
in lighting industry. Good number of S-type LED drivers are available in literature to explore
key issues of lighting systems [15]-[36]. S-type LED drivers are further classified based on
power processing stages and applications such as single-stage (S1) LED drivers [15]-[24], two-
stage (S2) LED drivers [25]-[32] and three-stage (S3) LED drivers [33]-[36].

Single-stage (S1) LED drivers have only one power processing stage. The schematic
representation of S1 LED drivers is shown in Figure 2.2. In these LED drivers, ac is converted
into unregulated dc output by diode bridge rectifier which is given as input to dc-dc converter.
With suitable high frequency operation of switches in dc-dc converter topology, PFC and output
current control are realized simultaneously. The filter or energy storage capacitor Co can be
connected either on low frequency side or on the frequency side which does not affect its size.
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They have less component count due to single power conversion stage and are applicable for
low and medium power lighting applications (<50 W). Conventional topologies based on buck
[15], boost [16], buck-boost [17], SEPIC [19], flyback [20], half-bridge [23], push-pull [24]
converters can be used as S1 LED drivers. However it is difficult to achieve good PF, high
energy efficiency, high step-down conversion and constant output current simultaneously in S1
LED drivers.
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Figure 2.3 (a) Two stage type-A LED driver (b) Two stage type-B LED driver

Two-stage (S2) LED drivers contain two power processing stages. As each stage is
designed for specific function, S2 driver’s performance is better as compared to S1 drivers in
terms of PFC, LED load current regulation, ac ripple and reliability. However, S2 drivers have

some limitations such as low efficiency, high cost and require two isolated control circuits. The
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S2 drivers are suitable for medium and high power lighting applications, where the LED load
current regulation and reliability issue are major priority than that of cost and size of lighting
system. Depending on stage-2 configuration, the S2 drivers are further classified as two-stage
type-A (S2A) drivers and two-stage type-B (S2B) drivers as shown in Figure 2.3(a) and (b). In
S2A drivers, stage-1 performs PFC operation, whereas stage-2 which is a high step-down dc-dc
converter performs dc-dc regulation [25]-[29]. Both stage-1 and stage-2 are connected in
cascaded structure with LED load. Generally, boost converter in discontinuous conduction
mode (DCM) is used to achieve good PF in stage-1. The major drawback of S2A drivers is that
they require large size filter capacitor. In S2B drivers, stage-1 performs both PFC and output
current regulation. And stage-2 which is connected in parallel with LED load extracts double-
line frequency power from dc-link to minimize flickering effect in LED load [30]-[32]. The size

of filter capacitor in S2B drivers can be reduced by allowing large voltage variations.

Three-stage (S3) switched mode LED drivers have three power processing stages as
shown in Figure 2.4. The function of stage-1 and stage-2 is same as the S2A drivers. And stage-
3 comprises a current post regulator that provides dimming operation and current equalization
among the parallel connected LED strings [33]-[35]. Current post regulator can be linear or
switched type depending upon lighting application. Since each stage is optimized for a single
function, S3 drivers are used for high power lighting applications (>100 W). Further soft-
switching topologies are preferred in stage-2 to increase the efficiency of whole lighting system.
The cost and component count of S3 LED drivers often increases for multi LED string
application. To reduce the lighting system cost, single input multi output topologies are
employed in stage-2 which eliminates current post regulator [36].
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Figure 2.4 Three stage switched mode LED driver
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2.1.2 DC fed LED drivers

Indc fed LED drivers, dc input is obtained from PV or battery or dc grid. The advantages
of dc fed LED driver are: PFC stage elimination, non-requirement of electrolytic capacitor,
simplified converter design aspects, improved efficiency and reliability. The requirements of
LED driver circuit are different for each application. However, high power conversion
efficiency, regulation of LED load current, dimming operation, less component count, high
operating life, simple structure, reliability etc., are the basic objectives of LED driver circuit.
As the available input is dc source, LED lighting loads can be powered from either linear or
switched mode dc-dc converters. Switching converters are more preferred due to their high
efficiency [37]-[39]. These dc-dc converter topologies are classified according to the electrical
isolation between input and output. The basic isolated dc-dc converter topologies are Flyback,
Forward, Push-pull, Half-bridge, and Full-bridge converters. Similarly, basic non-isolated
topologies are Buck, Boost, Buck-Boost, Cuk, SEPIC, and Zeta converters. Based on the
available input voltage and required output voltage for LED lighting loads, both isolated and
non-isolated topologies have been used for driving LED loads for all lighting applications [40]-
[52]. Some of the converters used in S2 and S3 LED drivers in second stage can also be used
for dc fed LED driver circuit configurations. Recently, soft-switching converters have gained
significant popularity in LED lighting applications [53]-[64]. High power conversion efficiency
and high frequency operation of soft switching converter makes the LED driver system compact
with good dynamic response, which is desirable when PWM dimming is applied.

As this thesis work focuses on the development of dc operated LED drivers, this section
describes the literature related to the different dc operated driver circuit configurations for LED
based lighting applications.

Jorge Garcia et al have proposed an interleaved buck converter as an LED driver circuit
to overcome the limitations of standard buck converter [40]. The circuit and operating
waveforms are shown in Figure 2.5 (a) and (b). In this interleaved buck converter, two sets of
switches S; and Sz, diodes Dy and D2, and inductors L; and L, are connected with LED lamp.
Phase shifted boundary conduction mode (PSBCM) peak current control is employed in this
driver. In this control, the gate voltages of switches S; and S, are 180° out of phase with equal
duty ratio at constant switching frequency. When Sy is on, L1 is energized and L. is freewheeled
linearly through LED lamp. Similarly, when Sy is on, L is energized and L; is freewheeled
linearly through LED lamp. Hence LED lamp current lg is the sum of inductor currents i1 and
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iL2. Since inductors are operated in PSBCM, both peak current and ripple current in each
inductor are lo. If duty ratio of switches is set to 0.5, a perfect ripple free current flows through
LED lamp. Due to more ripple current in inductors, their size reduces significantly. This helps
in using higher PWM dimming frequencies. This BCM in inductors also helps in achieving
zero-current switching (ZCS) in devices which improves the efficiency. In addition, LED lamp
current is regulated against input voltage variations by changing the duty of both switches
simultaneously. The selected ripple current in LED lamp limits the input voltage swing.
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Figure 2.5 (a) Interleaved buck converter (b) Operating waveforms
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Figure 2.6 (a) Twin bus based LED driver (b) Operating waveforms
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W Yu et al have developed a two-input buck converter to drive n-string LEDs using (n
+ 1) active switches [41]. The circuit configuration and its operating waveforms are shown in
Figure 2.6 (a) and (b). This converter contains two input voltages, Vboci and Vocz, (n + 1) power
MOSFETS, S1 and Sz1—Szn, freewheeling diodes, D1 and D21-D2n, and n-number of the output
inductors, Li—Ln. The switch Sy is operated at low frequency which controls the illumination of
all LED strings simultaneously. Switch S;n and freewheeling diode D2n operate at high
switching frequency to power the LED string, LS. Due to two input voltages, the voltage stress
across San and D2n is only Vpe1 — Vbe2. Hence conduction and switching losses incurred in this
driver are greatly reduced if the Vpcz is close to Vpci which helps in achieving high efficiency.
This also decreases the size of inductors that improves the dimming range of proposed LED

driver. Moreover, each LED string current can be regulated.

Anne Pollock et al have proposed a high efficiency driver circuit for automotive LED
lighting applications [42]. The block diagram of high efficiency LED driver is shown in Figure
2.7 (a). It comprises two LED lamps. Lamp-1 is powered by dc-dc converter and lamp-2 is
connected in series with input dc source. Lamp-2 is powered without conversion and it is
regulated due to the operation of dc-dc converter. Lamp-1 is regulated by dc-dc converter. The
dc-dc converter can be replaced with any type of switching converter. In this LED driver, dc-
dc converter is implemented with standard buck converter as shown in Figure 2.7 (b). The input
supply Vs supplies only Lamp-1 power through buck converter and Lamp-2 is powered directly.
Hence the losses associated with buck converter are reduced which increases the overall
efficiency of the driver circuit. However dc link capacitor C; in the proposed driver circuit

causes high inrush current problems.
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Figure 2.7 (a) Block diagram of high efficiency LED driver (b) High efficiency LED driver using buck

converter
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K I Hwu and W Z Jiang have developed a two-phase interleaved driver circuit for LED
lighting applications with current balancing [43]. This driver is a step-up converter whose gain
is higher than conventional boost converter and is shown Figure 2.8 (a). Gate control voltages
of switches Q1 and Q2 are shifted by 180° and their duty ratio is greater than 0.5. The operating
waveforms are shown in Figure 2.8 (b). The converter is operated in continuous conduction
mode (CCM). Both inductor currents iL1 and i and two LED string currents are balanced due
to charge balance in capacitor Cy. The input current ripple (iL1 + iL2) is also reduced with this
control. LED currents can be balanced even with different counts in each LED string in this
driver. The input voltage variations are compensated by changing the duty ratio of switches.
Due to high voltage gain, it is suitable for low input voltage applications. This driver can be
used in LED display applications. An efficiency of 91.7% is obtained at rated load of 24 W.

Due to interleaved control, ripple current in output capacitors Co1 and Co is considerably high.

C Zheng et al have proposed a three level boost converter with single switch for PWM
dimming LED lighting applications [44]. This converter is shown in Figure 2.9. The switch S;
is operated with a gate voltage which is a combination of high switching frequency and low
PWM dimming frequency. Inductor L, limits the switch inrush current during on-state. When
the switch is in off-state, capacitors C; and C> are naturally balanced and charged to 0.5Vo.
Hence switch voltage stress is reduced which reduces the losses in the converter. The proposed
topology reduces the switch count and its associated gate driver compared to conventional three
level boost converter. Also, it has solved dimming issues encountered in two level boost LED
drivers. Both current regulation and dimming operation are achieved with high efficiency
through single switch. This converter can be applied for automotive lighting applications.

E E Santos Filho et al have presented a switched capacitor based driver circuit for LED
lighting applications [54]. Figure 2.10 (a) shows the switched capacitor LED driver. The
switches S; and Sy are operated alternately with equal duty ratio as shown in Figure 2.10 (b).
This driver utilizes an inductor Lo which allows complete charging and discharging of Cs and it
operates in DCM. The stored energy in capacitor Cs is supplied to LED lamp. The power
delivered to LED lamp is independent of its forward voltage which improves the efficiency of
driver. Due to DCM operation, ZCS is achieved in switches S; and S,. Frequency modulation
is used to control the illumination and to compensate input voltage variations. The obtained

efficiency of this LED driver circuit is very low.
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Jose Marcos Alonso et al have explained a variable inductor (V1) based LED driver
circuit for dc grid lighting applications [59]. This driver uses a half-bridge inverter, a variable
inductor and a center tapped diode rectifier. Figure 2.11 (a) and Figure 2.11 (b) show the
schematic representation and operating waveforms of proposed driver respectively. Both
regulation against input voltage and load variations and dimming operations are accomplished
through variable inductor. This driver offers constant frequency operation, zero-voltage
switching (ZVS) operation in the half-bridge switches, zero-current switching (ZCS) in center
tapped rectifier diodes, inherent short-circuit and open-circuit protection. In addition, this
configuration can supply multiple LED lamps with independent current control and can be
suitable for high-end smart lighting applications. The limitations of this driver are: it requires
an auxiliary winding with a driver to create variable inductor and offers low efficiency of 85%

at full illumination level.

J Liu et al have presented a driver circuit for vehicle LED lighting applications using
high-frequency alternating current (HFAC) power distribution system (PDS) [60]. The
schematic diagram of HFAC PDS in vehicle is shown in Figure 2.12 (a). The HFAC bus is
created by using resonant inverter and it distributes power to different loads through suitable
converters. LED based lighting has become popular in automotive sector due to its high energy
conservation and long life time. Using HFAC bus, a driver circuit is developed for vehicle LED
lighting application as shown in Figure 2.12 (b). This topology has an input transformer for
making the input voltage suitable for LED strings, bidirectional ac-switch, full-bridge diode
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rectifier to converter high frequency (HF) ac into dc voltage, valley-fill circuit to achieve high
input PF with low THD, and an inductor Lo to filter HF harmonics. Current balancing and
dimming operation of parallel LED strings are accomplished by pulse-density modulation
control through ac-switch. The operating life time of this driver is high due to absence of
electrolytic capacitor. In addition, ZCS is achieved in bidirectional ac-switch. An efficiency of
greater than 91% is obtained from a prototype at distribution frequency of 50 kHz and peak
voltage of 30 V.

\:in_-

1
|I+

(a)
ty (T [P Ity ty  ty
Vi I
Y
R P E N TS .
“ 4 Vi :*:‘ F T2 :’:
Vo : 4 : i -
~ e
Wl A
2 — — >
ve NG| 1 '
vo|
rd
t
lLU
¥ PO\ b : t
l—ll I . 'l'.—]l | i >
1 2 3: 4 ! 5 6 t

(b)

Figure 2.10 (a) Switched capacitor based LED driver (b) Operating waveforms
25



—
w i
—

+
Vbe T_
—
M, |l
—
s
Ve(t) Vi(t)
V, /2 g !
nVv,
>
t
>
1
>
1
Y
“t

(b)

Figure 2.11 (a) VI based LED driver (b) Operating waveforms

26



HF AC Bus, 50kHz, 30V

DC
HFAC
1 Power quality || HFAC <C HFAC 5 HFAC Yo
- filter I B
— 12V/24V 400Hz I 14V 42V
DC Bus, 14V
L I DC Bus, 42V
F.]e.clrica] Lighting | | Blower
Fans B
()
Full-bridge .
,,,,,, Rectifier i volYFill
7 ! ; . + ' L
HF Bus | Zk Zk i+ 3 Zk ! Lo
i ac-switch 1 : 3 - Iy
— f | | :
| LED
- e D 2 N
Input ‘ \ 3 ; 4
Transformer ZS Zx ZS T
(b)

Figure 2.12 (a) Schematic representation of HFAC PDS in electric vehicle (b) LED driver using HFAC bus

2.2 Control Techniques for LED Lighting Systems

The adjustable illumination from an LED is called dimming. It is an important
requirement for LED lighting applications. Dimming operation in LED driver saves good
amount of power which further reduces the consumption of energy. Dimming can be achieved
by Amplitude Modulation (AM) or Pulse-Width Modulation (PWM) schemes. In AM, dimming
is attained by controlling the dc current through LED strings [68], [69]. As LED current is
varied, AM dimming causes chromaticity variations which are undesirable for sensitive lighting
applications. Also, AM dimming does not provide a wide dimming range due to non-linear
current-voltage characteristics of LED. PWM dimming methods have been widely used to
overcome the limitations of AM [70]-[75]. In PWM dimming, the average current through LED
strings is controlled by turning on and off the LED strings at a low frequency at nominal current.

It offers high dimming range without chromaticity variations and provides smooth dimming.
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Several PWM dimming schemes like turning on and off the LED strings through a series
connected controlled switch [70], turning on and off the input voltage to the driver circuit [71],
multi-phase PWM [72], pulse-code modulation (PCM) [73], double pulse width modulation
(DPWM) [74], bi-level driving [75], etc., have been reported in literature.

2.3 Conclusions

In this chapter, an overview of AC fed LED driver circuits has been presented. In section
2.1.2, DC fed LED drivers for single and multi-output LED based lighting applications have
been discussed. Different illumination or dimming control methods have been explained in

section 2.2.

The number of soft switched converters in the literature with reduced current stress for
multiple LED lighting applications are less in number in the literature. Converters with ripple
free LED current, soft switching, dimming operation, ability to power multiple LED lamps and
LED current regulation are also few. Also, some of configurations are not capable to drive LED
lamps of different power ratings with independent dimming and regulation. Some of the LED
drivers described in literature are not suitable for high power LED applications.

Hence there is sufficient scope for further research in development of driver circuits
with soft switching, reduced current stress, current regulation, independent dimming control,
ability to drive multiple LED lamps and high efficiency for LED based lighting applications.

With this objective, four different converter configurations have been proposed in this thesis.

In the next four chapters, proposed converter configurations for LED based lighting

applications are explained in detail.
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Chapter 3
Soft Switched Full-Bridge LED Driver Configuration for
Street Lighting Application

This chapter presents an LED driver circuit topology based on full-bridge configuration.
Principle of operation, analysis and design procedure of the proposed circuit configuration are
explained in detail and it is validated through simulated and experimental results on the 145 W
experimental prototype with dimming control.

3.1 Principle of Operation of Proposed LED Driver

Figure 3.1 (a) shows the circuit diagram of the proposed LED driver. This circuit uses a
full-bridge configuration consisting of four power metal-oxide-semiconductor field-effect
transistors (MOSFETS) Si, Sz, S3, and S4. D1 — D4 are the intrinsic body diodes of power
MOSFETSs and C1— Cs indicate either the output capacitances of power MOSFETS or external
capacitors. Series connection of LEDs and an inductor is in parallel with each switch. Each
LED lamp represents a dc load and can be considered as one street light lamp. In proposed
circuit, four LED lamps are present. The number of LED lamps can be increased by addition of
more legs. Figure 3.1 (b) shows an extension of proposed configuration to multiple LED lamps.
The inductors Ly, Lo, Lzand Lsare designed to provide continuous current through lamp-1, lamp-
2, lamp-3, and lamp-4 respectively. The inductor L, is used to obtain (ZVS) in all the four
switches. The switches Si and S are alternately turned on and off at a switching frequency fs =
1/T with 50% duty ratio. Similarly, Sz and Ss are alternately turned on and off at the same
switching frequency with 50% duty ratio. To avoid short circuit across the dc power supply, a
dead time is provided between the gate voltages of switches in each leg. As the dead times are
very small, the lamp currents and inductor current i r are assumed to be constant during dead
time. The switch Sq incorporates dimming feature by using a low frequency gate signal. Input
voltage Vin to the bridge is obtained from three dc voltages Voci, Vocz, and Ve. Voez is input
voltage to the buck-boost converter and Vc is its output voltage. Voci must be far greater than
the summation of remaining dc voltages i.e., (Voc2 + Vc) to reduce the power handled by buck-
boost converter. The dc voltage sources Vpci and Vpcz can be obtained from rechargeable
batteries. For any variations in supply voltage, input voltage Vin is controlled to be constant by
the buck-boost converter.
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Figure 3.1 (a) Proposed LED driver (b) Extension to multiple LED lamps

To understand the working principle of the proposed LED driver, the simplified circuit

diagram shown in Figure 3.2 is considered, where the input voltage Vin is represented by a

voltage source. Figure 3.3 shows the operating waveforms of the proposed LED driver. The

different working modes in a switching cycle are explained in this section.

3.1.1 Mode I: (to-t1)

At time instant to, switches S: and S4 are turned on at zero voltage. LED lamp-2 and

lamp-3 are powered by input voltage Vin. LED lamp-1 and lamp-4 are supplied by energy stored

in inductors Ly and L4 respectively. Due to the nature of inductor L, the current i, linearly

increases through the switches S; and Ss. Currents through lamp-2 and lamp-3 increase and
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currents through lamp-1 and lamp-4 decrease linearly. As all LED lamps are identical, average
lamp current values are equal. Difference of i.2 and i1 which is of a small value flows through
S:. Similarly, difference of itz and i.4 flows through Ss4. Hence devices are conducting only a
small value of current. This reduces device current stress and conduction losses. This mode
ends when inductor current i.r becomes zero. The equivalent circuit of mode-1 is shown in
Figure 3.4 (a).
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Figure 3.2 Simplified circuit diagram

3.1.2 Mode Il: (ti-t))

The explanation in mode | is valid for this mode also except that the current i.r increases
from zero to positive maximum through the switches S: and Ss. This mode ends at t,. Figure 3.4
(b) shows equivalent circuit of mode-II.

3.1.3 Mode H1: (t-ts)

This mode begins after removing gate signals for switches S; and S4, which are carrying
positive currents. Switches S; and S4 are turned off at zero voltage. During t. to t3 none of the
switches are conducting. Current (iLr + iL2 — iL1)/2 charges the capacitor Cy and discharges the
capacitor Co. Similarly, (i.r + iz — is)/2 charges the capacitor C4 and discharges the capacitor
Ca. After this, D, and Ds start conducting. Now the switches S; and Sz may be turned on with
zero voltage switching. This mode ends when capacitors C, and Cs are discharged from Vin to
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zero or Cy and C4 are charged from zero to Vin. The equivalent circuit of mode-Il1 is shown in
Figure 3.4 (c).

3.1.4 Mode IV: (t3-ts)

Figure 3.5 (a) shows the equivalent circuit of mode-1V. At time instant t4, switches Sz
and Sz are turned on at zero voltage. LED lamp-1 and lamp-4 are powered by input voltage Vin.
LED lamp-2 and lamp-3 are supplied by energy stored in inductors L, and Lz respectively. Due
to the nature of inductor L, the current ir decreases through the switches S, and Ss. Currents
through lamp-1 and lamp-4 increase and current through lamp-2 and lamp-3 decrease linearly.
Difference of iL1 and i flows through S, and difference of iLs and i3 flows through Ss. As the
device current is less, device current stress and conduction losses are reduced. This mode ends

when current i.r becomes zero.
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3.1.5 Mode V: (ts-ts)

The explanation in mode IV is valid for this mode also except that the current i
decreases from zero to negative maximum through the switches S, and Sz. This mode ends at ts
and its equivalent circuit is shown in Figure 3.5 (b).

3.1.6 Mode VI: (ts-ts)

This mode begins after removing gate signals for switches S, and Sz, which are carrying
positive currents. The process of turning off of switches Sz, Sz and turning on of switches Si, Sa
with zero voltage is similar to that in mode I11. The equivalent circuit of this mode is shown in
Figure 3.5 (c). This mode ends when capacitors C1 and C4 are discharged from Vin to zero or C»
and Cs are charged from zero to Vin.

3.2 Analysis of the Proposed LED Driver

The analysis of the proposed LED driver is carried out by considering the following

assumptions.

I. The proposed converter is operating in steady state

ii. The circuit components are ideal

iii. All four LED lamps are identical

iv. The voltage across each LED lamp is constant

The switches are operated with fixed duty cycle at fixed frequency. Each switch is on

for 50% duty cycle and off for remaining period. To calculate the voltage across each LED
lamp, it is essential to examine the inductor currents and voltages. As the LED lamps and their
operating currents are identical, the analysis is shown for a single LED lamp, i.e LED lamp-2.
When the switches S1 & S4 are ON and Sz & Sz are OFF, the LED lamp-2 is supplied by input
dc voltage Vin through the inductor L. The corresponding equivalent circuits are shown in
Figure 3.4 (a) and (b).

3.2.1 Mode-I and Mode-I1 (to-t2)

The voltage across inductor L is expressed as

=V, -V

di
Viz in— Ve = L % L =t<g (3.1)

2

The current through the inductor L is

34



i, (0) = jvu(t)dtm(t)—"L—"W(t—to)m(to) L<t<t, (32

2 to 2
where i 2(to) is the initial current in the inductor Lz at time t =to. At t = to, iL2(t) reaches maximum

value, which is

La(t) = 2 (1, — )+, 1) @3)

The duration (t2 —'[0) is the ON period of switches S1 and S4. Hence (3.3) can be written as

o) = DT 4, () (3.4)

2
where D is duty ratio of switches S and S4 and T is the switching period.
From (3.4), the ripple current in inductor Lz is expressed as
VOZ

- - Vin -
A L2 =l (tz)_ll_z (to) = L DT (3-5)

2
During this interval, voltage across L is Vin. The current through it increases linearly and is

expressed as

Lr(t) = (t t )—+_|Lr(t ) tO St <t2 (36)

r

3.2.2 Mode-1V and Mode-V (t3 - ts)

When the switches S1 & S4 are switched-off and Sz & Sz are switched-on, the LED lamp-
2 is supplied by the stored energy in the inductor L>. The corresponding equivalent circuits are

shown in Figure 3.5 (a) and (b)

The voltage across inductor L; is

di
Vi, ="V, =L, (Ijliz t3 <t <t5 (37)

The current through the inductor L is expressed as

SRORES PROF ST OIS PO )

2 t3
where iio(t3) is the initial current in the inductor L, at time t = t3. At t = ts, iLo(t) reaches minimum

value and is given by
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i, (ts) = — 02(t —t5) +ip,(5) (3.9)

2

Assuming that dead time tq: and tq2 are negligible, the duration (t5 —t3) is the OFF period of

switches S1 and Sa. (3.9) can be written as

i, (ts) = — Yoz (1-D)T +ip,(t;) (3.10)

2

From (3.10), the ripple current in inductor L2 is expressed as

AiLZ = iLZ (ts) 2(t )— Vo @-D)T (3.11)

2

During this interval, voltage across L is -Vin. The current through it decreases linearly and is
given by

ILr(t)___(t t )+|Lr(t ) t3 £t<t (312)

Under steady state operation, the net change in current through inductor L. is zero over the time
period T. Hence from (3.5) and (3.11)

[iLZ(tZ)_iLZ(tO)]+[iL2(t5)_iLZ(t3)]:0 (3.13)
V. -V V

in__"02 NPT _2(1_D)T=0 3.14

3 L 1-D) (3.14)

= V02 = D‘\/in (3.15)

Hence the voltage across LED lamp Vo, is D times the input voltage Vin. The analysis for other

LED lamps is similar to the aforementioned analysis. (3.5), (3.11), and (3.15) are applicable to
other LED lamps also. Hence the ripple current through each LED lamp and voltage across each
LED lamp are given by

VAR, Y/

Ay, =—n "% DT =% (1_D)T , wherek =1, 2, 3, 4 (3.16)
Lk Lk

Vo =DV, wherek=1,2,3,4 (3.17)
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The value of inductor for specified current ripple can be determined from (3.16) under

continuous current.
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3.3 Design Considerations

In the proposed work four LED lamps are used. Each LED lamp comprises of two
strings of LEDs which are connected in parallel. In each string, 10 LEDs are connected in series.
Each LED is operated at 3.3 V, 550 mA and 1.815 W. Each LED lamp is operated at 33V, 1.1
Aand 36.3 W.

From (3.17), input voltage Vin is given by

V
V. = Yok 3.18
.= (318)

With a duty ratio of 0.5, and Vj, of 33 V, the input voltage is calculated as V, =66V.

Rearranging (3.16),

V., -V,
L =—" "% DT k=123, 4 (3.19)
k
Al

with V, =66 V, Vy, =33V, D=0.5 T =5 ps, peak to peak LED current AiLkof 13%, the

value of inductor Ly is calculated as L, =57 tH.

To ensure ZVS during dead time, appropriate current magnitude is required to charge
and discharge the output capacitors of the switches [65]. The inductor L, is used to provide the
required constant current during dead time. The peak current through L, is assumed to be

constant during dead time. At t = t, iLr(t) reaches a maximum value. Hence from (3.6),

H Vin : Vin Vin

ILr—pk ::(tz _tO)+ILr (tO) ::(tz _to) _L_r(tl _to) (320)
Ast, -1, =DTandt, -t, = % the (3.20) can be written as

H |n VInDT

ILr—pk (DT __) - 2|_ (321)

With a duty ratio of 0.5, the peak current through the L, is given by
. V. T
ILr—pk = 4|—r

(3.22)

The value of iLr_pk is inversely proportional to inductor L, for a fixed value of Vi, and T. For
Lr =120 uH, Vi, =66 VV, T =5 s, I,y is calculated as i,_y =0.6875 A For the calculation
of the switch output capacitor value, the currents through Lk and current through L, during dead
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time are assumed to be constant. Assuming that dead time tq1 = ta2 = tg, current flowing through

output capacitors during tq1 or tg2 is given by

] ] ZCjVin ]
o +Ai, = " ,1=1,2,3,4
d

From Eqgn. (23), the value of switch output capacitor is obtained as

i + Ai )(t
Cj :(Lr—pk 2\/ Lk)(d),j:1,2,3,4

in

(3.23)

(3.24)

For i,,_n =0.6875 A, Al =13%, t; =100 ns, and V;, = 66 V, the value of C; is calculated

asC; =629pF. Hence in order to get the ZVS within 100 ns the switch output capacitor C;

must be less than 629 pF.
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Figure 3.6 Gate signals of dimming and buck-boost switches, bridge circuit input voltage and LED lamp current

under dimming control
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3.4 Dimming Control and Current Regulation

Dimming can be achieved by amplitude modulation (AM) or pulse width modulation
(PWM). In AM, dimming is attained by controlling the dc current through LED strings. As LED
current is not constant, AM dimming causes chromaticity variations which is undesirable for
sensitive lighting applications. Also, AM dimming does not provide wide dimming range due
to nonlinear current-voltage characteristics of LED. To avoid aforementioned limitations, PWM
dimming methods have been widely used. Here, the average current through LED is controlled
by turning on and off the LED at a low frequency at nominal current. It offers high dimming
range without chromaticity variations and provides smooth dimming. To incorporate dimming
into the proposed LED driver, an ON-OFF control switch is connected in series with input dc
source. This switch turns ON and OFF the whole converter by using a low frequency gate signal.
Hence average current through each LED lamp is changed and brightness of each LED lamp is
controlled. The dimming frequency is selected as 100 Hz, to overcome noticeable flickers.

A buck-boost converter is connected in series with input dc source as shown in Figure
3.1 (a) to regulate LED lamp currents against input voltage variations. This is an essential
feature required in battery operated systems. The buck- boost converter is always in operation
to provide control over variation in input voltage and its control signal must be synchronized
with that of on-off switch. Gate signal (vgg) for switch Sg of buck-boost converter is derived by
ANDing a low frequency (100 Hz) control signal (vqq) of dimming switch with a high frequency
(100 kHz) signal (vn) as shown in Figure 3.6. Bridge input voltage Vinand LED lamp current

during dimming control are also shown in Figure 3.6.

3.5 Simulation and Experimental Results

In order to verify the feasibility of the proposed LED driver, a 145 W prototype has been
developed. The proposed driver is first simulated using OrCAD PSpice software and then
experimental prototype has been designed and tested. The parameters of the proposed driver
are given in Table 3.1. For convenience, the dc voltages Vpc: and Vpc: are selected as 48 V and
12 V respectively. Low input voltage to buck-boost helps in operating it at high duty cycle. The
remaining 6 V is supplied by capacitor C. The block diagram of control circuit of proposed
circuit is shown in Figure 3.7. The picture of experimental prototype and setup are shown in
Figure 3.8 (b) and (c) respectively. In order to verify the soft switching feature of the driver,

experimental switch voltage and switch current waveforms are shown in Figure 3.9. The current
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and voltage across L are indicated in Figure 3.10. Figure 3.11 shows the simulation waveforms
of the proposed driver at full illumination level. Figure 3.12 shows the corresponding
experimental waveforms. It is observed that experimental results are in good agreement with
simulation results. It is also observed that switches are turned ON and OFF at zero voltage.
With ZVS, switching losses are reduced. Also, switches are conducting only the difference in
lamp currents and i.r. Thus conduction losses are also reduced. Hence the efficiency of the
proposed driver is high and efficiency of the driver at full illumination level is found to be
93.88%.

Table 3. 1 Parameters of the proposed LED driver

Parameter Description Value / Model no.
DC Input voltage, Vin 66 V
Number of LEDs used 80
LED operating current, loperated 550 mA
Switching frequency, fs 200 kHz
Duty ratio of switches in bridge configuration 0.5
L1, Lo, Ls, and L4 577 uH
L 120 pH
PWM dimming frequency 100 Hz
Duty ratio of dimming switch Sq Otol
Frequency of buck-boost converter 100 kHz
Switching devices used MOSFET IRF640N
Control ICs used UC3875 and SG3525
Driver I1Cs used IR2110, IR2117 and MIC4425

Figure 3.13 and 3.14 show the simulation and experimental results with 60% of
dimming control respectively. The switching devices of the bridge configuration are operated
at 200 kHz and at a duty cycle of 0.5. The dimming switch and buck-boost switch operations
are synchronized to prevent input voltage fluctuations. The input voltage Vin, LED lamp
currents, and voltages are at their operating values when the dimming switch is ON and they
become zero when it is OFF. It is observed that the experimental results are in good agreement
with simulation results and efficiency is found to be 94.96%.
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The proposed LED driver may be applicable to battery operated systems. Consider that
dc voltages Vac1 and Vg2 are obtained through batteries. Figure 15 (a) shows capacitor voltage
when Vge1 =48 V and Vae2 = 12 V. Now input voltage to the bridge circuit is 66 V. If the battery
voltages are reduced by 5%. i.e. Vgc1 = 45.6 V and Va2 = 11.4 V, the capacitor has to compensate
the reduction in input voltage i.e. 9 V. The duty cycle of buck-boost converter is changed
accordingly. Corresponding efficiency is found to be 92.46% and capacitor voltage waveform
is shown in Figure 15 (b). Similarly, if the battery voltages are reduced by 10%, duty cycle is
adjusted so that the capacitor can compensate 12 V. Corresponding efficiency is found to be
91.37% and capacitor voltage waveform is shown in Figure 15 (c). The efficiency curve of the
proposed LED driver at various dimming levels is shown in Figure 15 (d). It is observed that a
high efficiency is guaranteed at any dimming level. A relative comparison between H-bridge
LED driver topologies and proposed topology is given in Table 3.2. It is observed that the
number of diodes and capacitors are less in proposed configuration. And also it does not use
high frequency transformer and rectifier stage. This feature considerably reduces the cost,
weight, and volume. Besides, proposed driver circuit features soft switching, reduced current

stress and high efficiency with dimming capability.

Table 3. 2 Comparison between H-bridge topologies and proposed topology

H-bridae tonolo Branas et al. Luo et Qu et Proposed
ge topology [53] al.[55] al.[58] topology
Power switches 4 4 6 6
Diodes 2 8 4 1
Inductors 3 6 2 6
Capacitors 3 6 7 1
High frequency 1 1 1 0
transformer
High frequency rectifier 1 9 4 0
stage
LED lamps 1 2 4 4
Efficiency >87% >92% >91% >93%
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(b) Voltage and current in S, (Vas2: 50 V/div; ig2: 1 A/div; time: 1 ps/div)

Figure 3.9 Experimental switching waveforms

Figure 3.10 Voltage and current in L, (v,

r: 50 V/div; i 1 A/div; time: 2 ps/div;)
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Figure 3.15 Capacitor voltage waveforms and efficiency curve (Vc: 5 V/div; time: 20 ms/div;)

3.6 Conclusions

In this chapter, a full-bridge converter for LED based street lighting application is
presented. The switches in full-bridge are operated with constant duty ratio. The proposed
configuration is studied in detail for its performance. Modes of operations and analysis are
explained clearly. To validate experiment results with simulation results, a 146 W prototype is
implemented. Experimental results are in good agreement with simulation results. This

configuration is suitable for high power lighting applications.

The proposed configuration has the following advantages:
a) The current in bridge devices is almost independent lamp currents.
b) ZVS is obtained bridge devices.
c) Both switching and conduction losses are less.
d) Dimming operation is achieve for all lamps.
e) Input voltage is controlled for regulating LED lamp current.
f) High efficiency is obtained at both full and dimming levels.

g) Components count per lamp as well as the cost of the driver is less.
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h) This configuration can be extended to multiple LED lamps by addition legs in
bridge.
i) This configuration can be powered from battery operated systems.
The limitation of proposed converter is lack of independent dimming of LED lamps.
The next chapter proposes an efficient ripple free LED driver with zero-voltage
switching for street lighting applications.
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Chapter 4

An Efficient Ripple Free LED Driver with
Zero-Voltage Switching for Street Lighting
Applications
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Chapter 4
An Efficient Ripple Free LED Driver with Zero-Voltage Switching
for Street Lighting Applications

This chapter proposes an efficient ripple free light-emitting diode (LED) driver circuit.
The proposed driver circuit utilizes a full-bridge configuration. The LED lamp current is the
sum of two inductor currents which are out of phase. This makes the LED lamp current ripple
free. Larger portion of lamp power is supplied by the dc voltage source connected in series with
LED lamp. Small amount of power is processed by bridge circuit. An experimental prototype
of 87 W has been developed and tested at full load and different dimming levels. Simulation

results are verified by experimental results.

4.1 Proposed LED Driver Circuit Configuration

The proposed LED driver circuit is shown in Figure 4.1. It uses a full bridge
configuration consisting of four power MOSFETS Si, Sz, S3, and Sa. D1 — D4 are the intrinsic
body diodes of power MOSFETSs and C; — Csindicate either the output capacitances of power
MOSFETSs or external capacitors. Two identical LED lamps are used in this circuit. Four
inductors L1, Lo, Lz and L4 of equal values are connected to LED lamps as shown in Figure 4.1.
An inductor L, is used in the circuit to provide ZVS operation in bridge devices. A dc voltage
source (i.e. battery) of value which is slightly less than threshold voltage of each LED lamp is
connected in series with each LED lamp. Majority of LED lamp power is supplied directly by
corresponding voltage source. Small amount of power is processed through full bridge
converter which acts as a current regulator. The concept of interleaving or multi-phasing has
been utilized in full bridge converter. With this, each inductor L1 and Ls conduct half of the
LED lamp-1 current. Similarly the inductors Lz, and L4 conduct half of the LED lamp-2 current.
This full- bridge configuration is powered by dc sources Vpc1 and Vpcz. In order to regulate the
input voltage (Vin) to the bridge circuit, a buck-boost converter is introduced with Vpc2 as its
input voltage. Now Vi, is sum of Vpci, Vbcz and Ve, where Vc is the output of buck-boost
converter. In this proposed configuration, bridge converter processes only small portion of each
LED lamp power. Hence the size of reactive components, and the voltage and current stress of
bridge devices are reduced. To integrate dimming feature into the proposed configuration, a
switch Sq has been connected in series with full bridge and is operated at low frequency.
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Figure 4.1 Schematic of proposed LED driver

4.2 Principle of Operation and Analysis of the Proposed LED Driver

The operating principle and circuit analysis of the proposed LED driver are discussed
in the following sections.

4.2.1 Operation of the proposed driver

The switches in each leg of full bridge converter are alternately turned on and off with
fixed duty cycle at fixed switching frequency. That means, in a switching cycle, S; and Ss are
on for 50% duty cycle and off for remaining period. Similarly S; and Sz are on for 50% duty
cycle and off for remaining period. A dead time is introduced between switching pulses of each
leg to avoid short circuit across the dc power supply. As the dead times are very small, the LED
lamp current and i r are assumed to be constant during dead time. Figure 4.2 shows the operating
waveforms of the proposed LED driver. The operation of proposed configuration can be divided
into four modes. The equivalent circuit and conduction path for each mode where the input
voltage Vin is represented by a voltage source are shown in Figure 4.3. Under all conditions of
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Vpe1 and Vpez, Vin is kept constant. This is achieved by controlling Vc which is the output
voltage of buck-boost converter by a gate driving signal va. Due to constant nature of Vin, duty
cycle of switches S; to Ss are also constant. This helps in achieving ZVS operation of S; to Ss.
Also, this is helpful in reducing switching losses in switching devices. Devices in bridge circuit
allow only ripple in load inductor and ZVS inductor. Hence conduction losses are also reduced.
Reduction in ripple current in LED helps in reducing the size of inductors, reducing cost, space
and weight of the system. Different modes of operations are explained below:

4.2.1.1 Mode I (to-t1)

This mode begins when the switches Si: and S4 are switched on at zero voltage. The
equivalent circuit of mode-I is shown in Figure 4.3 (a). In this mode, inductor L, and Ls are
energized linearly because of positive voltage across L2 and Ls. At the same time, inductor L
and L4 are free wheeled linearly because of negative voltage across L1 and Ls. Thus the sum of
currents through L; and Lz which are 180° out of phase flow through LED lamp-1 leading to
ripple cancellation. Similarly the ripple free current through LED lamp-2 is obtained by the sum
of current through L and L4 which are also 180° out of phase. The current icr rises up linearly
through the switches S; and S4 due to the application of positive voltage Vi across inductor L.
The current stress on S; and S is significantly reduced as only difference of iz and i1 flows
through S; along with i.r and difference of iLzand i.4 flows through S4 along with ir. Therefore
conduction losses mainly depend on i.r. This mode ends at t; where the current i.r reaches
maximum.
4.2.1.2 Mode 11 (t1-t)

This mode begins after removing gate signals for switches S; and S4, which are carrying
positive currents. The equivalent circuit of mode-I1 is shown in Figure 4.3 (b). The inductor L,
is used to achieve zero voltage switching of devices. At t; switches S; and Ss are switched off
at zero voltage as there is no voltage across capacitor C; and C4. None of the switches conduct
during ti-to. Capacitor C: is charged by current (iLr + i2 — i1)/2 while the capacitor C; is
discharged. Similarly, the current (i.r + i3 — iL4)/2 charges the capacitor C4 and discharges the
capacitor Cs. The voltage across Sz and Ss decrease until D2 and D3 are forward biased. Now
the switches S, and Sz may be driven into on state by gate signal to ensure zero voltage
switching. This mode ends when capacitors Czand Cs are discharged from Vi, to zero or C; and
C4 are charged from zero to Vin.
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Figure 4.3 Equivalent circuits of proposed LED driver

4.2.1.3 Mode 1 (t2-t3)

Figure 4.3 (c) shows the equivalent circuit of mode-Ill. At t> gate pulses are given to
switches S and Sz at zero voltage. In this mode, inductor L1 and L4 are charged linearly, while
inductor L. and Ls are discharged linearly. As it has been explained in Mode-1, a ripple free
current flows in both lamps. The current i.r decreases linearly through the switches S; and S3
due to the application of negative voltage Vin across the inductor L. In this mode also the current
stress and conduction loss in Sz and Ss are significantly reduced. This mode ends at t; where the

current i.r reaches minimum.

4.2.1.4 Mode 1V (ts-ts)

At t3 gate signals for switches Sz and Sz are withdrawn. The process of turning off of

switches Sy, Sz and turning on of switches Si1, S4 with zero voltage is similar to that in mode I11.
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The equivalent circuit of this mode is shown in Figure 4.3 (d). This mode ends when capacitors

C1 and C4 are discharged from Vin to zero or C, and Cs are charged from zero to Vin.

4.2.2

driver:

Circuit analysis of the proposed LED driver

The following assumptions are considered to analyze the proposed circuit as LED

The proposed converter is operating in steady state.

il. The MOSFETS Sy, Sz, Ss, and S4 are ideal.
iii. Current through inductors Ls, Lo, L, and L4 are continuous.
. The two LED lamps are identical.

The voltage across each LED lamp is constant.

In this configuration, for control over LED lamp current, input voltage (Vin) is

modulated. Input voltage (Vin) is derived as sum of two batteries Vpci, Vocz and Ve. A buck-

boost converter with Vpc2 as source produces a controllable voltage Vc for modulating Vin. The

switches S; to S4 are operated with constant duty cycle. This control makes on and off times

equal for each switch. Since the two LED lamps and their operating currents are identical, the

analysis is given for a single LED lamp, i.e LED lamp-1. At t = to, the switches S; and S4 are

switched-on. From the equivalent circuit shown in Figure 4.3 (a), voltage across inductor L1 is

expressed as

diy

V=V, +V, =L, t, <t<t, (4.1)

The current through the inductor Ly is obtained as

-V +V

ILl(t):Lij‘VLl(t)dt+IL1(t0): 1(t_t0)+iLl(t0) tOSt<tl (42)

1t 1

At the same time, the voltage across inductor Lz is expressed as

di
Vis :Vin +V1 _V01 = L3 —=

" t, <t<t, (4.3)

The current through the inductor Ls is obtained as

. 1 .
|L3(t) = L_.[VL3(t) dt + |L3(t0)
34 t, <t<t (4.4)

V. +V, =V .
= %(t_to)*‘ |L3(t0)
3

Where iL1 (to), and i3 (to) are the initial currents in the inductor L1 and L3 respectively.
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The current flowing through LED lamp-1 is given by
iLED lamp -1 (t) = i|_1 (t) + iL3 (t) (45)

From (4.2) and (4.4), the ripple current in inductor L; and Lz are calculated as

. . . -V, +V -V, +V
AILl:|L1(t1)_IL1(t0)=%(t1_to)z%(l_D)T (4-6)
1 1

o _ V, +V, -V V., +V, -V
AIL3=|L3(t1)_IL3(tO)=%(tl_IO)Z%DT (4-7)
3 3

Where D is duty ratio of switches S1 and S4, and T is the switching period.
As the voltage across Ly is Vin, the current flowing through it increases linearly and is obtained
as

(0= 721+, (1) f<t<t, 48)

At t = tp, switches S, and Sz are switched-on. From the equivalent circuit shown in Figure 4.3
(c), voltage across inductor L1 is expressed as

di
Vi =V, +V, _V01 =L, d_lil t,<t<t, (4.9)
The current through the inductor Ly is obtained as

. 1 .
ILl(t) = L__[VLl(t) dt + ILl(tz)
L, t, <t<t, (4.10)
_Vin +V, -V

o (t _tz) + iLl(tZ)
Ll
Similarly, the voltage across inductor Ls is represented as

di
Vig = _V01 +V1 = L3 -

t, <t<t, (4.11)
The current through the inductor L3 is obtained as

. 1 | . -V +V )
i, (1) = [V @) dt i () =—2 Lt —t,) +ia(t,) tSt<ty (412
L L

31, 3

Where iL1 (t2), and i3 (t2) are the initial currents in the inductor L1 and L3 respectively.
The current flowing through LED lamp-1 is given by

LD tamp 2 (1) =10, (1) + 05 (1) (4.13)
From (4.10) and (4.12), the ripple current in inductor L; and Lz are calculated as
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. : vV, +V, -V V., +V, -V
AILl:|L1(t3)_IL1(t2)=$(t3 _tz)=$DT (4-14)
L1 L1
. . . -V, +V -V, +V
A|L3 = |L3(t3) - |L3(t2) Z%(ts _tz) :%(1_ D)T (4-15)
3 3

Where D is duty ratio of switches S1 and S4 and T is the switching period.

Now the voltage across L is -Vin, the current flowing through it decreases linearly and is
-V
L

r

expressed as i () =—"(-t) +i, () tst<t (4.16)

By applying volt-sec balance either on L; or L3 the voltage across LED lamp-1 is obtained as

[iLl(tl) - iLl(tO)] +[iL1(t3) - iLl(tz)] =0 (OI‘) [iLS(tl) - iL3 (to)] +[i|_3(t3) - iLS(tZ)] =0 (4-17)

~V,, +V V. +V, -V
T (A D)T + =20 DT =0 o)
Vv i/ Vv Vv \/1 (4.18)
in TVi — 01DT+_ o1 T 1(1—D)T=0
3 LS
V, =DV, +V, (4.19)

Aforementioned analysis will also be applicable to LED lamp-2. Therefore ripple current
through Lo, L3, and voltage across LED lamp-2 are obtained as

Al =0 tVe Ve pp Ve tVs g gy (4.20)
LZ LZ
V4V | _
Al = Yo tVe g pyp J Ve P2 TVe oy (4.21)
4 4
V,, =DV, +V, (4.22)

Due to identical nature of both LED lamps, the voltage across each lamp and ripple current
through L1, Lo, L3, and L4 are expressed as

Vy; =DV, +V;, where j=1, 2 (4.23)

Vi TV Vo or —_VOL Vi - pyT, wherek=1,2,3,4 (4.24)

k k

The values of L1, Lo, Ls, and L4 for selected current ripple can be calculated from (4.24) under
continuous current.
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4.3  Design Considerations

To select the values of components of proposed converter, the equivalent parameters of
LED load must be considered. According to approximated model of an LED, it can be
represented by a series connection of a cut-in or threshold voltage Vi, a dynamic resistance rq
and an ideal diode [67]. In the proposed LED driver, two parallel strings are used for each LED
lamp. In each LED string, 12 LEDs are connected in series. The operating point for each LED
is chosen at 3.3 V, 550 mA. And the cut-in voltage of each LED is 2.32 V. Therefore each LED
lamp has a total cut-in voltage of 27.84 V, a total operating voltage of 39.6 V, and a current of

1.1 A. Consequently power supplied by each lamp is 43.56 W.

The input voltage Vin to the bridge can be expressed from (4.23) as

Vo, -V,
= 4.25
n =5 (4.25)

The series dc voltage for each LED lamp Vj is selected as 24 V because LED lamp does not
conduct below cut-in voltage. It has been explained that duty ratio of each switch in bridge
configuration is equal. Therefore with a duty ratio of 0.5, and Vo j of 39.6 V, the input voltage

is calculated as

V. - 39.6-24

o =31.2V
0.5

To calculate inductor value L, switching frequency and allowed current ripple must be
selected. The inductor I-ksupplies one half of LED lamp current, i.e. 0.55 A. Under continuous

conduction mode, the value of ripple current through L must be less than 1.1 A.

From (4.24), the value of inductor L is expressed as

L, =1 "0py (4.26)

For a switching frequency of 200 kHz and a Al kvalue of 0.55 A, the value of Lgcan be

calculated from (4.26)

31.2+24-39.6
0.55

L, (0.5)(5.10 ®) = 71 uH

To achieve ZVS during dead time, an appropriate current source is required to charge
and discharge the switch output capacitors [65]. An inductor L, has been used to provide the
required constant current during dead time. Since the nature of current through L is triangular,
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peak current needs to be considered for ZVS. And it is assumed that peak current is constant
during dead time and its value is calculated as follows:

From (4.8), at t = t, iLr(t) reaches maximum value and the value is obtained as

= 1) i (1) = 1 )~ () = S 1) (42)

r r

Since the duration (tt —tp) =DT, (4.27) can be represented as

. V. DT

Ier ok = T (428)
With a duty ratio of 0.5, the peak current through the L, is obtained as

. V. T

ILr—pk = 4|—r (429)

It is observed that the value of iLr_pk is inversely proportional to inductor L, for a fixed value of

Vinand T. For L, value of 130 pH, i,_ is obtained as

(31.2)(5)(10°°) _
(4)(130)(10°°)

Lr—pk =

Selection of proper values of switch output capacitor is also needed to ensure ZVS. To
calculate, it is assumed that the currents through Lk and L, during dead time are constant.
Considering that dead time tq1 = ta> = tg, current flowing through output capacitors during tq1 or
t is obtained as

. 2C.V,
 + A, =moin (4.30)

ILr—p t
d

From (4.30), the value of switch output capacitor is expressed as

_ (iLr—pk + AiLk )(td )

C,=
v

,Wherem=1,2,3,4 (4.31)

For a ty value of 100 ns, Cpy can be found as from (4.31) as

_ (0.3+0.55)(100)(10™°)
" (2)(31.2)

~1362 pF

Therefore to get ZVS within 100 ns, the switch output capacitor Ch must be selected less than

the calculated value.
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4.4  Dimming Control and Regulation of Lamp Current

Dimming control is an important feature in LED lighting applications which improves
power saving. Amplitude modulation (AM) and pulse width modulation (PWM) are the two
available methods for dimming control of LEDs. In AM, dimming is accomplished simply by
controlling the level of dc current through LED strings. Whereas, in PWM dimming, the
average current through LED is controlled by turning on and off the LED at a low frequency at
nominal current. To prevent the drawbacks due to AM like color shift, limited dimming range
etc. PWM dimming methods have been widely implemented. In addition, they provide smooth
dimming. In the proposed LED driver, dimming is realized by connecting a switch Sq in series
with input, which totally turns ON and OFF the bridge converter by using a low frequency gate
signal. Therefore the average current through each LED lamp can be controlled without
changing the operating current. To avoid noticeable flickers, the dimming frequency is selected
to be 100 Hz.
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Figure 4.4 Gate signals of dimming, buck-boost switch and bridge devices, LED lamp voltage and current under

dimming control
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As it has been discussed that fixed duty cycle control is adopted for the switches in
bridge configuration, LED lamps need to be regulated against variations in Vin, V1, and V2. Thus
input voltage Vi is obtained by summing three dc voltages Vbci, Vbcz, and Ve instead of
supplying directly. With a buck-boost converter at the input side, the variations in Vi, V1, and
V, are compensated by controlling duty cycle of Sg. In order to reduce the power handled by
buck-boost converter, the voltage Vc should be less than Vpcz. The switch Sg must be gated by
a signal which is a combination of high frequency (100 kHz) signal (vh) and low frequency (100
Hz) control signal (vga) of dimming switch to prevent overshoots in Vin. During dimming
control, gate signals of dimming and buck-boost switches, voltage across and current through
LED lamp are shown in Figure 4.4. The dc voltage sources Vi, V2, Vbci, and Vpc2 can be
obtained either from PV source or from rechargeable batteries like lead acid batteries.

Table 4. 1 Parameters of the proposed LED driver

Parameter Description

Value / Model no.

DC Input voltage, Vin 31.2V
DC voltage source, V1, V2 24V
Number of LEDs 48

LED operating current, loperated 550 mA
Switching frequency, fs 200 kHz
Duty ratio of switches in bridge configuration 0.5

L1, Lo, Ls, and L4 71 pH
L 130 pH
PWM dimming frequency 100 Hz
Duty ratio of dimming switch Sq Otol
Capacitor, C 330 uF/25 vV
Frequency of buck-boost converter 100 kHz

Switching devices used

MOSFET IRF640N

Control ICs used

UC 3875 and SG 3525

Driver ICs used

IR 2110, IR 2117 and MIC4425

4.5 Simulation and Experimental Results

In order to verify the feasibility of the proposed LED driver, an 87 W prototype has been
simulated using OrCAD PSpice software and tested experimentally. The parameters used in the
proposed driver are shown in Table 4.1. The experimental prototype and setup of the proposed
LED driver are shown in Figure 4.5 (a) and (b) respectively. Voltage and current waveforms of
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switch S; and S are shown in Figure 4.6 (a) and (b) respectively to show the zero-voltage
switching conditions. Figure 4.7 shows the simulated waveforms obtained from the proposed
driver at full illumination level, considering Voci1 = 12 V, Vpbc2 = 12 V, Vc = 7.2 V. The
corresponding experimental waveforms are shown in Figure 4.8. It is observed that
experimental results are in good agreement with simulation results. It can be seen that there are
no ripples in voltage and current waveforms of LED lamps. It can be observed that switches are
switched ON and OFF at zero voltage, resulting in negligible switching losses. Switches
conduct only ripple current in Lx and iLr. Thus conduction losses are also minimized. It results

in high efficiency and it is found to be 94.26% at full illumination level.

Figure 4.9 shows the simulated and experimental waveforms with dimming at 70% of
full illumination (at 70% of average current of each LED lamp). The dimming switch and buck-
boost switch operations are synchronized to prevent overshoots in Vin. For the on-state of
dimming switch, voltage and current waveforms of each lamp are maintained at their operating
values. On the contrary, for off-state of the dimming switch, current waveform drops to zero
and voltage waveform falls below cut-in voltage of each lamp. It is observed that experimental
waveforms are in good agreement with simulated waveforms and efficiency is found to be
92.73% at 70% of full illumination.

The proposed ripple free current LED driver can be powered from PV/battery operated
systems. The experimental prototype has been powered with 4% and 8% discharge in all
batteries respectively. In both cases, the duty ratio of buck-boost converter has been increased
to keep the current through each LED lamp constant. And under these two conditions

efficiencies are found to be 91.93% and 90.03% respectively.

The measured efficiencies of the proposed LED driver at various dimming levels are
shown in Figure 4.10. It is observed that a high efficiency is guaranteed at any dimming level.
A relative comparison between proposed topology and other works in literature for LED
lighting applications is given in Table 4.2. It is observed that proposed configuration does not
use high frequency transformer and rectifier stage. It considerably reduces the cost, weight and
volume. In addition, this configuration has lesser number of diodes and capacitor. This
configuration powers both the lamps with low input voltage. Besides, proposed driver circuit
features ripple free current, soft switching, reduced current stress and high efficiency with
dimming capability.
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Figure 4.6 (a) Voltage and current in switch S; (b) Voltage and current in switch S,

4.6  Extension of Proposed Driver Circuit to Multiple LED Lamps

The proposed driver configuration can be extended to multiple LED lamps. Two
possible extensions for 4 LED lamps are shown in Figure 4.11 (a) and (b). In Figure 4.11 (a),
an additional leg to the right of proposed configuration is added whose frequency and duty cycle
are same as that of existing legs. In this configuration also, ripple free current flows through all
the 4 identical lamps. DC voltage source V1 supplies majority of lamp-1 and lamp-3 power
directly. Similarly, DC voltage source V> processes majority of lamp-2 and lamp-4 power
directly. Small amount of power for these four lamps is processed through bridge converter. In
this, current stress on middle leg slightly increases compared to other legs. One more extension
for 4 LED lamps is shown in Figure 4.11 (b). This is obtained by adding a full bridge to the
right of proposed driver. Operating principle of this extension is similar to proposed
configuration. Dimming and regulation of lamp currents for these two extensions can be

achieved as that of proposed LED driver. Extension configuration with 4 legs has more
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efficiency than with 3 legs. And also, it has uniform snubber capacitance though it has more

switches. When the proposed configuration extended for more LED lamps, number of dc

sources will remain same. Extensions are possible for more than 4 LED lamps also.
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Figure 4.7 Simulation waveforms at full illumination level
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Table 4. 2 Comparison between proposed topology and other works in literature

Topology [53] [58] [59] [61] [62] [63] [64] Proposed
Switches 4 6 3 4 3 2 6 6
Diodes 2 4 2 8 10 4 4 1
Inductors 3 2 1 2 3 2 3 6
Capacitors 3 7 3 10 17 3 7 1
Transformers 1 1 2 2 5 1 2 0
Rectifiers 1 4 1 2 5 1 2 0
Input voltage 400V 48V 380V 48V 380V 400V 380V 12-24V
Output power 120w 20w 50W 20w 270W 45W 200W 87W
LED lamps 1 4 1 4 10 2 4 2
Switching
frequency 150kHz | 90kHz | 100kHz | 70kHz | 300kHz | 113kHz | 100kHz 200kHz
Efficiency >87% >91% | >84% >93% >94% >95% >96% >94%
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Figure 4.11 Extension to multiple LED lamps of proposed driver circuit
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4.7 Conclusions

In this chapter, an LED driver circuit with ripple free current for high power lighting
applications has been proposed. It employs a power control scheme in which only a small
portion of LED lamp power is processed through bridge circuit and majority of LED lamp
power is provided directly from a dc source. Hence losses in bridge circuit are reduced. The
proposed configuration operating principle, analysis and design procedure are given in detail
for its validation. Switches in bridge conduct sum of ripple current in load inductor and current
in ZVS inductor. In this configuration, voltage stress and current stress in bridge devices are
reduced greatly. Buck-boost configuration in input stage, regulates LED lamp currents against
input voltage variation. Experimental results obtained from the prototype prove high efficiency
at any dimming level.

The proposed configuration has the following advantages

a) Switches in bridge are operated with constant duty cycle.

b) Ripple free current flows through both LED lamps.

c) Conversion power is small.

d) Conduction losses are reduced.

e) ZVS operation of switching devices,

f) Overall conversion efficiency is high (>94%).

g) Reduction in size of reactive components.

h) Dimming feature.

i) Regulation of LED lamp current.

J) This configuration can be extended to drive multiple LED lamps.

The limitation of this configuration is lack of independent dimming operation of LED

lamps.

The next chapter proposes a three-leg resonant converter for two output LED lighting
application with independent control.
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A Three-leg Resonant Converter for

Two Output LED Lighting Application with
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Chapter 5
A Three-leg Resonant Converter for Two Output LED Lighting
Application with Independent Control

This chapter proposes a three-leg resonant converter to drive two Light Emitting Diode
(LED) lamps of different power ratings. This may be required when both main and local lighting
are essential. The proposed converter is operated simultaneously at two different frequencies.
Two series resonant circuits are used to generate the two different frequency currents. Each
lamp is powered through a series resonant circuit. Phase modulation control and asymmetrical
duty ratio control are used for lamp current regulation. A 126 W prototype has been developed

experimentally to confirm its working principle, performance and validity.

5.1 Proposed Configuration

The proposed three leg resonant converter for LED applications is shown in Figure 5.1.
Leg-1 and leg-2 form one full bridge inverter operating at high frequency (HF). Similarly leg-
1 and leg-3 form another full bridge inverter. Leg-3 is switched at low frequency (LF). Series
combination of L1, Cr1 and a full bridge rectifier formed by D1-D4 is connected between leg-1
and leg-2. Similarly, series connection of L2, Cr2 and a full bridge rectifier formed by Ds-Ds is
connected between leg-1 and leg-3. Inductor L1 and capacitor Cyy are selected to respond to
fundamental component in the voltage between leg-1 and leg-2 to output stage. And, Inductor
Lr> and capacitor Cy, respond to only LF fundamental component in the voltage between leg-1
and leg-3 to output stage. Capacitor Co1 and Co> are filter capacitors which make LED lamp-1
and lamp-2 voltages constant respectively. An auxiliary inductor Laux is connected between leg-
1 and leg-2 to improve ZVS conditions in switches S; and So.
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5.2 Operation and Analysis of Proposed LED driver

The principle of operation and circuit analysis of the proposed LED driver are

discussed in the following sections.

5.2.1 Operation of the proposed driver

The switches in full bridge formed by leg-1 and leg-2 are alternately switched on for
50% duty cycle and off for 50% duty cycle at fixed HF. Switches in leg-3 are alternately
switched on for 50% duty cycle and off for 50% duty cycle at fixed LF. To prevent short circuit
across the dc power supply, sufficient dead time must be inserted between the gate voltages of
each leg. However it is not shown in the operating waveforms of the proposed LED driver
shown in Figure 5.2. The switches in leg-1 and leg-2 produce a square wave voltage Vvag.
Similarly switches in leg-1 and leg-3 produce voltage vac which contains both HF and LF
voltage waveforms. The concept of series resonance is used for powering both LED lamps. The
HF resonant circuit is formed by series connection of Lr1and Cy1, diode bridge rectifier by D:-
D4 and LED lamp-1. The LF resonant circuit is formed by series connection of L2 and Cyo,
diode bridge rectifier by Ds-Dg and LED lamp-2. HF resonant circuit offers low impedance to
fundamental component of vag. Thus HF alternating current ir1 is generated. And it is rectified
and filtered to feed LED lamp-1. Similarly LF resonant circuit offers low impedance to only LF
fundamental component of vac. Thus LF alternating current ir. is produced and is rectified and
filtered to power LED lamp-2.

A e It (peak) Z :

Vor =
Vag J/ L l L2 ' I oy
i . i r2 ! Zg D, S Ds
l rl - I, (rms) - b +
Laux Ch Co T Cy L '
B e——— T —|_ Vpg|(rms) T Vor g Reeo
v .
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(b)

(@)

Figure 5.3 (&) AC equivalent circuit (b) Equivalent circuit for Rac
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5.2.2 Analysis of Proposed LED Driver

The following assumptions are considered to analyze the proposed LED driver:

I.  The converter is operating in steady state.
ii. The power MOSFETSs and power diodes are ideal.
iii. The voltage across each LED lamp is constant.

iv. The exponential decay in fundamental current during transient is neglected.

In the proposed converter, vag of magnitude Vqc is applied to HF resonant circuit.
Similarly vac, which is a sum of HF and LF square waves of magnitude Vqc/2 is applied to LF
resonant circuit. These resonant circuits allow only fundamental components. Therefore
conventional ac analysis can be used to calculate the static gain of the proposed converter. The
ac equivalent circuit of proposed LED driver circuit is shown in Figure 5.3 (a). The analysis is
given for only LED lamp-1. Similar analysis is applicable to LED lamp-2.

The HF resonant circuit filters all the harmonic voltage components except fundamental
component present in the voltage vas. The ac resistance Rac1, which is used in ac equivalent
circuit, accounts for the non-linearity present in rectifier. The reactance offered by L1 and Cy1
are denoted as X.r1 and Xcr1 respectively. From the equivalent circuit shown in Figure 5.3 (a),
static gain of the proposed driver is represented by using simple voltage division principle:

VDB _ Racl 1

VAB Racl+ j(XLrl_XCrl) {1+ j[XLrl_XCrlj:|

acl

(5.1)

Note that Vag is the fundamental component of the square wave voltage applied to HF resonant
circuit and Vpg is the fundamental component of square wave voltage of magnitude Vo1 across
Rac1. The ac resistance Rac is calculated by using the circuit shown in Figure 5.3 (b) in which

the resistance offered by LED lamp-1 is represented as Riep:. The Rac1 is given by

Vg (rms) 4V, bs! 8V 8
Rac — DB — 01 01 ziﬁz—R 52
and
XLrl = 27Tthrl (5-3)
1
Xay = 5.4
Crl 277:th,.1 ( )
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The sharpness in the HF resonant current is measured by quality factor (Q1), and it is defined
by

L
Ql — wO,l rl — 1 (55)

Rieos a)O,lCrlRLEDl

where wo,1 is high resonant frequency in radians per seconds and it is given by
1

w,, =2r(f,,)= (5.6)
0,1 ( 0,1) m
Therefore high resonant frequency in hertz is represented as
! (5.7)

f - -
o 277'- V Lr1Cr1

By substituting (5.2), (5.3), (5.4) and (5.5) in Eqn. (5.11), the gain is finally expressed as

4
Vo M vy -
Vie 4Vd% Vae 1+j7LZQ L_h |
8 ' fo,l fh

The steady state analysis for LED lamp-2 is similar to aforementioned analysis under 50% duty
cycle of leg-3 switches. Hence the static gain of the proposed converter with respect to LED
lamp-2 is given as

&N
Ve % Vi ] -
Ve Vo/ Vg 2 f '
A (% ‘ 2[1+j7;Q2[ff'_?2H
0,2 |

where, Vac is the fundamental component of the square wave voltage applied to LF resonant
circuit, Vec is the fundamental component of square wave voltage of magnitude Vo2 across Raco.

Q2 is the quality factor of LF resonant circuit and is defined as

L
Qz — wO,Z r2 — 1 (510)

Riep2 a’o,zcrzRLEoz

and fo2 is low resonant frequency in hertz is represented as
1

f - -
o 277'-\/ Lr2Cr2

(5.11)
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5.3 Regulation of LED Lamp Current and Dimming Control

In the proposed configuration, if input voltage Vqc is changed, the operating voltage and
current of both the LED lamps are changed. Consequently, the illumination from the both LED
lamps changes. Therefore, LED lamp currents need to be regulated against variation in input dc
voltage Vqc. To regulate LED lamp-1 current against variation in Vgc, phase-modulation control
is used. In this control, input voltage to the HF resonant circuit vag is controlled by introducing
a phase angle (an) between the gate voltages of switches in leg-1 and leg-2 as shown in Figure
5.4 (a). Similarly to regulate LED lamp-2 current against variation in Vgc, asymmetrical duty
ratio control is applied for switches in leg-3. In this control, input voltage to the LF resonant
circuit vac is controlled by introducing a phase angle («) between the gate voltages of switches
in leg-3 as shown in Figure 5.4 (a). Since only fundamental voltage components are allowed by
both HF and LF resonant circuit, their magnitudes [66] are given as

Ve = 4V—‘”cos((l—“ (5.12)
b4 2

Ve = 2V—‘”cos(ﬁ (5.13)
b4 2

By substituting (5.2), (5.3), (5.4), (5.5) and (5.12) in (5.1), static gain of the proposed LED
driver with respect to LED lamp-1 is modified as

(%)
COoS| —
Vo 2 (5.14)

V, 2 f
SO P LA BRI TS
8 fO,l fh

By substituting (5.2), (5.3), (5.4), (5.5) and (5.13) in (1), static gain of the proposed LED driver
with respect to LED lamp-2 is modified as

COS(CXIJ
Voo 2 (5.15)

Vor _ : :
214 T, - o2
8 f0,2 fl

The magnitude of input voltage Vqc can be found by using either (5.14) or (5.15) after selecting

the LED lamps, both high switching and resonant frequency and low switching and resonant
frequency. And the variation in Vqc is compensated by adjusting phase angle (an) in HF resonant

circuit and phase angle (ou) in LF resonant circuit.
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Adjustable illumination in LED lamp is called dimming. It is an important requirement
for LED applications which improves power saving. In the proposed study, PWM dimming is
incorporated independently for both LED lamps. To realize PWM dimming in LED lamp-1, the
input voltage to the HF resonant circuit vag is made zero by dimming signal Sgim:. And to
implement PWM dimming in LED lamp-2, the input voltage to the LF resonant circuit vac is
made zero by dimming signal Saim2. Thus average currents through both LED lamps are
controlled independently without changing the operating voltage and current. The two dimming

signals, voltages vag and vac and LED lamp currents are shown in Figure 5.4 (b).
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Figure 5.4 (a) Switching sequence and input voltages to HF and LF resonant circuits under LED lamp regulation

(b) Dimming signals and input voltages to HF and LF resonant circuits and both LED lamp currents

5.4 Design Considerations

The approximated model [67] of an LED is considered to select the component values
of proposed driver circuit. In the proposed LED driver, two LED lamps are used. In LED lamp-
1, four parallel strings are used. In each LED string, 13 LEDs are connected in series. In LED
lamp-2, four LED strings are connected in parallel. In each string, 6 LEDs are connected in
series. The operating point for each LED is selected at 3.25 V, 510 mA. And the cut-in voltage
ofeach LED is 2.32 V. Therefore operating voltage and current of LED lamp-1 are 42.25 V and
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2.04 A. And operating voltage and current of LED lamp-2 are 19.5 V and 2.04 A. Consequently
power consumed by LED lamp-1 and lamp-2 are 86 W and 40 W respectively.

5.4.1 Selection of switching frequencies

The criteria for selecting f, and f; should not affect the operation of HF and LF resonant
circuits. HF component of vag should power only HF resonant circuit. LF component of vac
should power only LF resonant circuit. To achieve this, fn should be far greater than f,. fn can be
taken either as integer multiples or as non-integer multiples of fi. If f, is non-integer multiples
of f), effect of harmonic component of fi on HF resonant circuit can be avoided. Therefore fy is
selected at 168 kHz and fi is selected at 30 kHz. For ZVS, fo1 and fo 2 are taken 5-10% less than
fn and fi. Therefore fo1 is selected at 153 kHz and fo 2 is selected at 28.67 kHz.

5.4.2 Calculation of HF resonant circuit parameters

The product of L1 and Cy1 is obtained from (5.7) and it is expressed as

2

1

LiCry :|:27Tf } (5.16)
01

After selecting fo,1 as 153 kHz, (5.16) is expressed as
L.,.C, =1082x10" (5.17)

From (5.5), quality factor Q1 is expressed as

1 L
Q, = —r (5.18)
' RLEDl Crl

With Q1 = 1.52 and Reep1 = 20.83Q, from (5.17) and (5.18), the inductor L1 and capacitor Cr1
are calculated as 33uH and 33nF respectively. To allow ripple current less than 10% of o1 in
LED lamp-1, Co1 of 1.22 pF is selected.

5.4.3 Calculation of LF resonant circuit parameters

From (5.11) the product of L, and Cy2 is expressed as

LrZCrzzl: - :| (519)

2nf,,
After selecting fo2 as 28.67 kHz, (5.19) is expressed as
L,C.,=308210" (5.20)

80



From (5.10), quality factor Q2 is expressed as

1 L.,

(5.21)
RLEDZ CrZ

sz

With Q1 = 2.64 and Riep2 = 9.558 Q, from (5.20) and (5.21), the inductor L2 and capacitor Cr»
are calculated as 140 pH and 0.22 pF respectively. To allow ripple current less than 10% of lo2
in LED lamp-2, Co of 14.7 uF is selected.

5.4.4 Calculation of input dc voltage Vgc

In this configuration, £5% variation in Vqc is considered. The criteria to calculate Vqc is
that at minimum value of Vg i.e. (Vac — 5%) the switches in all the 3-legs are at 50% duty ratio.
In other words voltage vag and vac are full square wave voltages. Thus (5.8) or (5.9) can be
used to calculate V4. With Vo1 of 42.25V, Q1 of 1.52, f, of 168 kHz and fo1 of 153 kHz, the

input voltage Vqc is calculated from (5.8) as,

4225 1
1-0. - 2
(L-005V, {1+ j21.52(0.187)}
SV, =48/

After selecting Vg, the phase angle an and o can be calculated from (5.14) and (5.15)
respectively by substituting Vgc = 48V.

5.4.5 Calculation of auxiliary inductor’s value Laux

In the proposed configuration, leg-1 is common for both HF resonant circuit and LF
resonant circuit. Therefore switches in leg-1 conduct sum of HF resonant current (ir1) and LF
resonant current (ir2). Hence certain ZVS conditions are affected for leg-1. To reduce this effect,
an auxiliary inductor Laux is connected between leg-1 and leg-2. This inductor Lau increases
turn-on and off current for switches in leg-1. The voltage across Laux iS £V4c. Hence current
through Laux is triangular. And peak current through Laux appears during dead time between gate
voltages of leg-1 switches. The peak current through Laux at Vac — 5% is expressed as

0.95V,T,
Laux(peak) — T

aux

i (5.22)

The value of iLauxpeak) is inversely proportional to the value of Laux for a fixed Vg and Th. For
iLaux(peak) OF 2.26 A, Ve 0f 48 V, Th 0f 5.952 s, Laux is calculated as 30 pH.
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5.5 Simulation and Experimental Results

To verify the feasibility of proposed configuration for LED applications, a total of 126
W prototype has been implemented. It is first simulated using OrCAD PSpice software and then
experimental prototype has been developed and verified. Table 5.1 shows the parameters used
in the proposed LED driver. Figure 5.5 (a) shows the schematic of control circuit of proposed
configuration and experimental prototype is shown in Figure 5.5 (b). Both LED lamps are
powered with input voltage Vac = 48 V. Figure 5.6 and 5.7 show the simulated and experimental
waveforms of proposed LED driver for HF resonant circuit at full illumination respectively. It
is observed that experimental waveforms of HF resonant circuit are in good agreement with
simulated waveforms. And Fast Fourier Transform (FFT) of i1 shows that it has only
fundamental current component and has negligible LF resonant current component. Figure 5.8
and 5.9 show the simulated and experimental waveforms of proposed LED driver for LF
resonant circuit at full illumination respectively. It is observed that experimental waveforms of
LF resonant circuit are in good agreement with simulated waveforms. And FFT of LF resonant
current ir2 shows that it has only fundamental current component and has negligible HF resonant
current component. To show zero voltage switching feature in this LED driver, experimental
switch voltage, current of S; and Sz are shown in Figure 5.10. It is observed that switches in leg-
1 and leg-2 are turned on and off at zero voltage. Thus switching losses are reduced. Hence the
efficiency of the proposed converter is high and efficiency of the proposed LED driver at full
illumination level of both HF and LF resonant circuits is found to be 92.45%. The proposed
LED driver is also powered with £5% variation in Vg at full illumination of both LED lamp-1
and lamp-2. Under —5% variation in Vg, efficiency of the driver is found to be 91.3%. And

under +5% variation in Vqc, efficiency of the driver is found to be 90.87%.

In the proposed LED driver, LED lamps can be dimmed independently. Figure 5.11 (a)
shows LED lamp-1 voltage and current at 70% of full illumination and Figure 5.11 (b) shows
LED lamp-2 voltage and current at 50% of full illumination with Vqc = 48V. It is observed that
LED lamp voltage and currents are at their operating values when their dimming signal is ON.
When their dimming signal is OFF, LED lamp currents become zero and LED lamp voltages
drop below their cut-in voltages. The efficiency curves of both LED lamps under various
dimming levels are shown in Figure 5.12. Figure 5.12(a) shows the efficiency curve of LED
lamp-1 under various dimming levels by keeping LED lamp-2 at full illumination. Similarly,
Figure 5.12 (b) shows the efficiency curve of LED lamp-2 under various dimming levels by
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keeping LED lamp-1 at full illumination. It is observed that high efficiency is guaranteed at any
dimming level of both LED lamps.

Table 5. 1 Parameters of the proposed LED driver

Parameter Description Value / Model no.
DC Input voltage, Vgc 48+5% V
High switching frequency, fy 168 kHz
High resonant frequency, fr 153 kHz
Resonant inductor Ly 33 uH
Resonant capacitor Cry 0.033 pF
Output capacitor Co 1.22 yF
Vou 42.25V
los 2.04 A
Po1 86 W
Low switching frequency, f| 30 kHz
Low resonant frequency, fr. 28.67 kHz
Resonant inductor Ly, 140 pH
Resonant capacitor Cr, 0.22 pF
Output capacitor Coz 14.7 pF
Vo2 195V
lo2 2.04 A
Poz 40W
PWM dimming frequency 100 Hz
Switching devices used IRF 540N
Power diodes used MUR 860
Control ICs used UC 3875, SG 3525
Driver I1Cs used IR 2110
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Figure 5.6 Simulated waveforms of HF resonant circuit at full illumination
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(@) Input voltage to the HF resonant circuit and HF resonant current (vag: 50 V/div; ir1: 5 A/div; time: 2 ps/div)

(b) Input voltage to the HF resonant circuit and current in Layx (Vag: 50 V/div; iLau: 5 A/div; time: 2 ps/div)

(c) Voltage and current of LED lamp-1 (Vo1: 25 V/div; loi: 1 A/div; time: 2 ps/div)
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(d) ) FFT of HF resonant current (ir1: 1 A/div)

Figure 5.7 Experimental waveforms of HF resonant circuit at full illumination
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Figure 5.8 Simulated waveforms of LF resonant circuit at full illumination
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(a) Voltage and current in switch S; (Vgs1

(b) Voltage and current in switch Sz (Vass: 25 V/div; igs: 2 A/div; time: 1 ps/div)

Figure 5.10 Switching waveforms

() Voltage and current

(b) Voltage and current of LED lamp-2 at 50% dimming (Voz: 12.5 V/div; lgz: 2 A/div; time: 4 ms/div)

Figure 5.11 Voltage and current waveforms of both lamps under dimming control

89



Efficiency(%)

Efficiency(%)

100

90

80

70

60

50

40

Sdimz lillty=] 00%

1

30

40

50

60

70

80

90

100

Sdiml duty(%)

(a) Efficiency curve of LED lamp-1 under various dimming levels

100

90 r

80 r

70

60 r

50

40 1 1 L L 1 L

Sdiml I:ll.lty=1 00%

30 40 50 60 70 80 90
Sim2 duty(%)
(b) Efficiency curve of LED lamp-2 under various dimming levels

Figure 5.12 Efficiency curves

90

100



5.6 Conclusions

In this chapter, a three leg converter has been developed to power two LED lamps with

different power ratings. Leg-1 and leg-2 devices are switched at HF. Leg-3 devices are switched

at LF. Two series resonant circuits which have two different frequency components are used

for powering LED lamps. Principle of operation, analysis, design procedure and current

regulation feature are explained in detail. Experimental results obtained froma 126 W prototype

are in good agreement with simulation results. The FFT of two HF and LF resonant current is

evident of independent operation.

This configuration has the following advantages;

1)
2)
3)
4)
5)
6)
7)
8)

Drives two LED lamps of different power rating with same input voltage.

Both HF and LF operations are independent.

Provide ZVS.

Both LED lamps can be regulated at the required operating voltage and current.
And both LED lamps can be dimmed independently.

High efficiency is obtained at any dimming level of both LED lamps.

The proposed topology can be suitable for smart lighting applications.

It can be powered from low voltage dc grid or battery operated systems.

The limitations of this configurations are partial ZVS in devices in leg-1, high current

stress and lack of extension to multiple LED lamps.

The next chapter proposes a full-bridge resonant converter for LED lighting application

with simple current control.
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An Efficient Full-Bridge Resonant
Converter for LED Lighting Application

with Simple Current Control
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Chapter 6
An Efficient Full-Bridge Resonant Converter for LED Lighting
Application with Simple Current Control

A new power control is introduced in full bridge dc-dc converter to drive LED lamp in
this chapter. LEDs are semiconductor devices which behave like a constant voltage load with
low equivalent series resistance (ESR). Hence they require precise control for current
regulation. The simplified circuit of proposed configuration is shown in Figure 6.1, in which
LED lamp is driven by two voltage sources V1 and V». V1 is a constant dc source which supplies
mayjority of lamp power and V> is a controlled pulsed dc source which processes small power to
LED lamp. Both voltages are generated through full bridge dc-dc resonant converter. Working
principle, performance and prototype validation are given in this chapter.

Yy
Lo
4_
+
Vi C—) MV I;
v, ¥\ LED

Ny Lamp

Figure 6.1 Simplified circuit of proposed configuration

6.1 Proposed Configuration

The description, principle of operation and analysis of proposed LED driver are
explained in the following sections.

6.1.1 Description of proposed LED driver

Figure 6.2 shows the proposed full bridge resonant converter for LED applications. It
consists of a full-bridge inverter, a diode bridge rectifier and a centre tapped rectifier. Four
power MOSFETS Si, S, Sz and S4 form full-bridge inverter. Diode bridge rectifier consists of
power diodes D1 — D4. The centre tapped rectifier uses diodes Ds and De. These rectifiers are
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connected in parallel. A series resonant branch with L and C is connected between terminals
A and B as shown in Figure 6.2. Vo1 is the output voltage of bridge rectifier and Vo2 is output
voltage of centre tapped rectifier. Inductor L, and capacitor C; are selected to allow fundamental
component of the inverter output. The current i, is rectified to power the LED lamp. Co1 and Coz
are the filter capacitors. LED lamp is driven by sum of voltages Vo1 and Vo2. Vo1 supplies
majority of lamp power. For any variation in input voltage Vqc, centre tapped rectifier output
voltage Vo is controlled through switch Sr. This switch is operating at high frequency. Hence

small filter inductor Lo is sufficient to reduce the ripple in LED lamp current.

Sy |+

Vie A )

Figure 6.2 Schematic of proposed LED driver

6.1.2 Principle of Operation

The full bridge switches are operated at constant frequency with duty cycle of 50%.
Suitable dead time must be introduced between the gate voltages of each leg to avoid high
currents in switches. However it is not shown in the operating waveforms of the proposed LED
driver shown in Figure 6.3. The switches in full bridge produce a square wave voltage vac. The
concept of series resonance is utilized for powering LED lamp. Series resonant circuit is formed
with Lrand C;. It offers low impedance to fundamental component of vac. Thus an alternating
current iy is generated. And it is rectified through both bridge and centre tapped rectifier and
filtered to produce voltage Vo1 and Vo2 respectively. Vo2 is controlled through switch Sg and a
pulsed voltage of magnitude Vo, is produced across diode Dr as shown in Figure 6.2. Hence
sum of this pulsed voltage and Vo: is applied to LED lamp. Inductor Lo is used to provide

continuous current through LED lamp.
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Figure 6.3 Operating waveforms of proposed LED driver

6.1.3 Analysis of Proposed LED driver

The following assumptions are made to analyze the proposed LED driver:

a) The converter is operating in steady state.

b) All power MOSFETSs and diodes are ideal.

c) The voltage across LED lamp is constant.

d) The parasitic components in all passive elements are neglected.

In the proposed configuration, a square wave voltage of magnitude Vqc is generated
through switching action. And it is applied to L, — Cr network that produces sinusoidal current
component. Therefore conventional ac analysis can be used to calculate the static gain of the
converter. Figure 6.4 (a) shows the ac equivalent circuit which can be used to analyse the
behaviour of proposed LED driver. The series resonant circuit filters all the harmonic voltage
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components except fundamental component present in the voltage vac. The ac resistance Rac,
which is used in ac equivalent circuit, accounts for the non-linearity present in both bridge and
centre tapped rectifier. The reactance offered by L, and C; are denoted as X.r and Xcr
respectively. From the equivalent circuit shown in Figure 6.4 (a), static gain of the proposed
driver is represented by using simple voltage division principle:

V R 1
BC _ ac - (6.1)

VAC Rac+j(XLr_XCr) |:1+ j(XLrR— Xer:I

Note that Vac is the fundamental component of the square wave voltage applied to series

resonant circuit and Vac is the fundamental component of square wave voltage of magnitude
Vo1 across Rac. The ac resistance Rac is calculated by using the circuit shown in Figure 6.4 (b)
in which the resistance offered by LED lamp-1 is represented as Riep. The Rac is given by

Ve (rms) 4V, /A, _i\ﬁ_iR 62)
ToNms) Vor/ 22 Atl, at |
And,
X, =2afL, (6.3)
1
Xe = 6.4
 2A.C, ©4)

The sharpness in the series resonant current is measured by quality factor (Q), and it is defined
by
L 1
Q== (6.5)

Reo @GR

where wy is resonant frequency in radians per seconds and it is given by

1
L,C,

w, =27, = (6.6)

Therefore resonant frequency in hertz is represented as

1
f, = 6.
’ |2711/chr | (67)

By substituting (6.2), (6.3), (6.4) and (6.5) in (6.1), the gain is finally expressed as

4
Ve _ % Vo _ 1 (6.8)
Ve &N,/ V, 2
S [“"ESQ[:S :H
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Figure 6.4 (a) AC equivalent circuit (b) Equivalent circuit for Rac
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6.2 Regulation of LED Lamp Current and Dimming Control

To achieve constant illumination from LED lamp, its operating current and voltage must
not be changed. In the proposed configuration, the variation in input voltage V4c changes the
operating voltage and current of the LED lamp. Consequently, lumen output from the LED
lamp changes. Therefore lamp current needs to be regulated against variation in input dc voltage
Vde. In this converter, to regulate lamp current against input voltage variations, a stepped dc
voltage of magnitude Vo2 is generated through a center tapped rectifier. And its magnitude is
controlled by duty ratio (D) of switch Sr as shown in Figure 6.2. This controlled voltage is

connected in series with Vo1 to supply required operating voltage and current of LED lamp.

Dimming is an important feature for present LED applications. It saves good amount of
power. In the proposed study, PWM dimming is implemented for LED lamp. To realize PWM
dimming in LED lamp, the input voltage to the series resonant circuit vac is made zero by

dimming signal S¢im. Thus average illumination from LEDs is controlled without changing the
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operating voltage and current. The dimming signal, voltage vac, LED lamp voltage and current
are shown in Figure 6.5.

iy

Sdim

N

Vac

b
o

" L L

1

Figure 6.5 Dimming signal, input voltage to series resonant circuit and LED lamp voltage and current

|

t

N

6.3 Design Aspects

LED approximated model is considered to select the component values of proposed
driver circuit. In LED lamp, four parallel strings are used. In each LED string, 15 LEDs are
connected in series. The operating point for each LED is selected at 3.3 V, 560 mA. And the
cut-in voltage of each LED is 2.32 V. Therefore operating voltage and current of LED lamp are
49.5V and 2.24 A. Therefore power consumed by LED lamp is 110 W.

6.3.1 Calculation of series resonant circuit parameters

The product of L and C; is obtained from (6.7) and it is expressed as

1 2
LC, = {Z—mcj (6.9)

For zero voltage switching (ZVS), fo is taken 5-12% less than fs. With switching frequency fs of
175 kHz, fo is selected at 153 kHz. .After selecting fo as 153 kHz, (6.9) is expressed as

L.C =1082x10* (6.10)
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From (6.5), quality factor Q is expressed as

L

1
Q=——|=" (6.11)
RLED Cr

With Q =1.43 and Riep = 22.09 Q, from (6.10) and (6.11), the inductor L, and capacitor C; are
calculated as 33 pH and 33 nF respectively. To allow less than 1% ripple in Vo1 and Vo2, a value

of 1.36 pF is selected as Co1 and Co2. And to allow ripple current less than 10% of lo in LED
lamp, Lo of 50 pH is selected.

6.3.2 Calculation of output voltage Vo1 and Vo2

From (6.8), Vo is expressed as

Y
de (6.12)

s f f
1+j=—Q =>--2
With Vg of 48V, Q of 1.43, fsof 175 kHz and fo of 153 kHz, Vos is calculated from (6.12) as,

V,, = 48 =~ 435V

2
{1+ j7;1.43(0.269)}

However, the selected operating voltage of LED lamp is 49.5V. Remaining 6V is supplied

V01 =

through centre tapped rectifier. To supply this voltage, Vo2 of 14V is generated through centre

tapped transformer with turns ratio of n=3.
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Table 6. 1 Parameters of the proposed LED driver

Parameter Description Value / Model no.
DC Input voltage, Vac 48+5% V
Switching frequency, fs 175 kHz
Resonant frequency, fo 153 kHz
Resonant inductor, L, 33 uH
Resonant capacitor, C; 0.033 pF
Filter capacitor Co; and Co2 1.36 uF
Filter inductor Lo 50 pH
Vo 495V
lo 224 A
Po 110w
Center tapped transformer n=3; PQ 26/25 core
Frequency of switch Sg 400 kHz
PWM dimming frequency 100 Hz
Switching devices used IRF 540N
Power diodes used MUR 860
Control ICs used UC 3875 and SG 3525
Driver I1Cs used IR 2110 and MIC 4425

6.4 Simulation and Experimental Results

To validate the proposed configuration for LED applications, 110 W prototype has been
implemented. The experimental prototype has been verified through the obtained results from
OrCAD PSpice software. The parameters used in the proposed LED driver are shown in Table
6.1. The schematic of switch control and experimental prototype of proposed LED driver are
shown in Figure 6.6 (a) and (b) respectively. LED lamp is powered with input voltage Vqc =
48V at full illumination. Both simulated and experimental waveforms of full bridge inverter
voltage, resonant current, center-tapped transformer input and output voltages, and LED lamp
voltage and current at full illumination are shown in Figure 6.7 and 6.8 respectively. It is

observed that both experimental waveforms and simulated waveforms are in good agreement.

To show soft switching feature in this LED driver, experimental voltage and current for
switches in one leg of full bridge are shown in Figure 6.9. They show that both turn-on and

turn-off transition of switches are completed at zero voltage. Thus switching losses are
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minimized. Hence high efficiency is obtained and it is found to be 93.2% at full illumination
level.

In this driver, operating voltage and current of LED lamp are maintained constant
against the variations in input voltage Vac. And £5% variation in Vg is considered. Under +5%
variation in Vg, the duty ratio of switch Sr is reduced to maintain lamp current at selected value.
Similarly, under -5% variation in Vqc, the duty ratio of switch Sr is increased to maintain lamp
current constant. Simulated and experimental wave forms of voltage across series combination
of inductor Lo and LED lamp, and LED lamp current at three voltage levels at full illumination
are shown in Figure 6.10 and 6.11 respectively. It is observed that LED lamp is operated at
selected values at all three input voltage levels. And these variations do effect the ZVS
conditions of switches in full bridge. Hence of efficiency of 92.4% and 91.8% are obtained
under +5% and -5% variation in Vqc respectively.

SG » CD
3525 » 4071
B ¥ Sdim
A , * IR vy
e B | Logic > 2110 f— v,
3875 C » Circuit
D > ' R — v
> 21'0 —bvg_,‘
G Ao MIC
3525 {4071 4425 > Var

(b)

Figure 6.6 (&) Schematic of switch control (b) Experimental prototype

101



100V 10A
‘IAC )

50V SA

(Y N a 1o
LA N N N

-50V- -5A

-100V- 10A
93200 9.3240 9.3280 9.3320 3360 93400 93432

Time(ms)

(@) Full bridge inverter voltage vac and resonant current i,

80V Vac 60V
60V \
=40V

VBC 40V | f VDE

20V VDE Hoov T

ov ov

20V L oov

A0V U ] —

sov] - a0V

B0V 500 9.3240 9.3280 9.3320 9.3360 9.3400 9343200V

Time(ms)

(b) Transformer primary and secondary voltages

80V Vac 60V
60V \
40V
VBC 40V ——“‘1 Ny VEF
T 20V VEF - 20v I
ov- oV
S0V
- 20V
-4ov- U . l__a_J
6oV Y
-80V- -60V
9.3200 93240 9.3280 9.3320 9.3360 9.3400 9.3432
Time(ms)

(c) Transformer primary and tertiary voltages

75V

Vo
50V
25V
ov
4.0A
Iy
2.0A
9.3200 9.3240 9.3280 9.3320 9.3360 9.3400 9.3432
Time(ms)
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Figure 6.7 Simulated waveforms at full illumination
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(c) Transformer primary and tertiary voltages (vVec: 25 V/div; ver: 25 V/div; time: 2 ps/div)

(d) LED lamp voltage and current (Vo: 50 V/div; lo: 2 A/div; time: 2 ps/div)

Figure 6.8 Experimental waveforms at full illumination
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Figure 6.9 Experimental waveforms of switch voltage and currents

Figure 6.12 shows the experimental dimming waveforms of proposed LED driver at
various dimming levels. It is observed from Figure 6.12 (b) that series resonant circuit input
voltage and current are at their rated values when dimming signal is ON and are zero when
dimming signal is OFF. Similarly, LED lamp voltage and currents are at their operating values
when dimming signal is ON and LED lamp current becomes zero and LED lamp voltage drops
below their cut-in voltage when dimming signal is OFF. The measured efficiency curve of LED
lamp under various dimming levels is shown in Figure 6.13. It is observed that high efficiency
is guaranteed at any dimming level.
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Figure 6.10 Simulated waveforms of voltage across series connection of Lo and LED lamp current
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Figure 6.11 Experimental waveforms of voltage across series connection of Lo and LED lamp current
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Figure 6.12 Experimental dimming waveforms
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Figure 6.13 Efficiency curve of LED lamp under various dimming levels
6.5 Conclusions

In this chapter, a full bridge resonant converter with a simple current regulation has been
proposed for LED applications. Series connection of two dc voltages supplies required
operating voltage and current of LED lamp. And these voltages are generated by using series
resonance. The proposed configuration is studied in detail for its performance. Principle of
operation, analysis and design aspects are explained clearly. The dimming operation and current
regulation feature are also presented. A 110 W prototype is implemented to validate the

simulation results. High efficiency is achieved at both rated and different dimming conditions.
The advantages of proposed resonant converter are:

1) Constant switching frequency operation of switches in full bridge reduces electro-
magnetic interference (EMI).

2) Constant duty cycle operation helps in ZVS of switches S; to Sa.

3) Ability to regulate the illumination level of LED lamp.

4) Dimming is implemented with simple pulse width modulation (PWM) technique.

5) Since series resonance is used for powering LED lamp, it can be designed for high power
LED applications.

6) High power conversion efficiency and high frequency operation reduce the size of LED
driver system.

7) This topology is suitable for applications where lamp voltages are smaller than supply

voltages like dc micro grid applications.
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Chapter 7
Conclusions and Scope for Future work

7.1 Conclusions

In present lighting industry, Light Emitting Diode (LED) becomes a prominent light
source for wide range of residential, industrial and commercial lighting applications. LED based
lighting systems have gained remarkable attention over conventional lighting systems due to
their several advantages such as energy efficient, high operating life, high brightness,
environment friendly nature, and compactness. LEDs are current controlled or current driven
devices. Hence LED based lighting systems require efficient constant current regulators. The
essential requirements of LED driver circuits are: high efficiency, LED load current regulation,
dimming control, compact size, high reliability etc.

Keeping in view the requirements of LED driver circuits, FOUR driver circuit
configurations for LED based lighting applications have been proposed in this thesis. All
configurations provide zero-voltage switching (ZVS), dimming control and current regulation.

In first proposed configuration, a full-bridge converter for LED based street lighting
application is presented. Proposed converter operates with constant duty ratio at 200 kHz. It
powers four LED lamps. This converter uses only an inductor to obtain ZVS. Moreover, the
device current stress in this configuration is very low. Hence conductions losses are reduced.
Regulation of LED lamp current is achieved by controlling the input voltage to the converter.
A buck- boost converter at the input side compensates the variations in the input voltage. The
overall power conversion efficiency is high in this configuration. Dimming for all LED lamps
is attained through on-off technique at high efficiency. This configuration is suitable for high
power lighting applications. It also reduces components count per lamp as well as the cost of
the driver. The number of LED lamps can be increased by adding legs in the bridge. The
proposed converter can be powered from battery or PV operated systems.

The second proposed configuration presents an LED driver circuit with ripple free
current for high power street lighting applications. This configuration also operates with
constant duty ratio at a frequency of 200 kHz. It drives two LED lamps. Majority of lamp power
is supplied directly. Only small power is processed through converter. In this configuration,
ripple free current flows through both LED lamps due to interleaving concept. Moreover, device
current stress is low. Also, ZVS is achieved in bridge devices. Hence the proposed LED driver
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features an efficiency of 94.26% at full illumination level. In this configuration also, input
voltage is controlled through buck-boost converter for regulating LED lamp currents. PWM
dimming is achieved for two lamps. In this converter, reduction in ripple current in LED helps
in reducing the size of inductors, reducing cost, space and weight of the system. In addition, it
can be extended to drive multiple LED lamps.

In third proposed configuration, a three leg resonant converter to power two LED lamps
with different power ratings is presented. Proposed converter operates at two different
frequencies simultaneously. Two series resonant circuits are used to generate two different
frequency currents simultaneously for powering two different lamps. Both lamps are controlled
against input voltage variations. Also, both LED lamps can be dimmed independently. In
addition, it offers ZVS. High efficiency is achieved at any dimming level of both LED lamps.
It can be powered from low voltage dc grid or battery operated systems.

The fourth proposed configuration presents a full bridge resonant converter with a
simple current regulation for LED applications. In the proposed converter, LED lamp is driven
by two voltage sources with different power capabilities. Both voltages are generated through
full bridge dc-dc resonant converter. The advantage of this topology is that it always operates
with constant duty ratio at fixed frequency which can simplify many design aspects. Moreover,
LED lamp current can be regulated against the input voltage variations. This driver provides
dimming control also which helps in energy savings. High efficiency is achieved at both rated
and different dimming conditions. This topology is suitable for applications where lamp
voltages are smaller than supply voltages like dc micro grid applications.

A relative comparison among proposed four configurations is shown table 7.1. It is
observed that all the four proposed configurations offer high efficiency (>92%), less ripple in
LED lamp current, soft switching operation, dimming control and good current regulation. All
are suitable for high power lighting applications. In addition to the above mentioned advantages,
each configuration is having its unique advantages and is suitable for particular applications.

The additional advantages of configuration-1 are low device current stress and low
circuit component count per lamp. The proposed configuration-2 offers additional advantage of
ripple free LED current. Both first and second configuration are suitable for street lighting as
well as domestic lighting. The additional advantage of third configuration is that it can control
lamps of different wattages. Hence it is much suitable for domestic and industry lighting
applications. The fourth configuration is suitable for applications where lamp voltages are
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smaller than the supply voltage. For instance, in dc micro grid lighting applications where the
grid voltage level is 380 V. It will offer high efficiency, as majority of the output power is
uncontrolled and only small controlled power is used for regulating the lamp current. All four
proposed configurations can be extended to drive multiple LED lamps.

Table 7. 1 Comparison among proposed four configurations

Feature Proposed Proposed Proposed Proposed
Configuration-1 Configuration-2 Configuration-3 Configuration-4
Device current stress Very low Very low Moderate Moderate
Devi I
ewgg::s tage Supply voltage Supply voltage Supply voltage Supply voltage
Ripple in LED lamp Small No ripple Small Small
ZVS Yes Yes Partial Yes
Total output power 145W 87TW 126W 110W
Peak efficiency 93.88% 94.26% 92.45% 93.2%
Circuit component Low High High High
count per lamp
LED lamps 4 2 2 1
Wattage of all LED Same Same Different Same
lamps
. Lamp-1=86W and
Rating of each lamp 36.25W 43.5W lamp-2=40W 110w
Dimming Yes Yes Yes Yes
Ind_epen_dent No No Yes -
dimming
Extfansmn to Yes Yes Yes Yes
multiple lamps
Current regulation Yes Yes Yes Yes
High poyver_llghtlng Suitable Suitable Suitable Suitable
applications

7.2 Scope for Future Work

The thesis work encourage with the scope for further research on following issues

1. The proposed configurations presented in this thesis work can be further explored and
extended to other application.

2. Control techniques that suit LED based lighting applications can be further explored.

3. The proposed circuits can be investigated for solar photo voltaic (PV) fed lighting
applications.

4. Development of LED drivers operated from utility supply.
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