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Abstract

Light-emitting-diodes (LEDs), which have been extensively applied in various lighting
situations, are solid-state devices with specific v-i characteristics. The LED is becom-
ing a promising new generation light source because of the advantages of environmen-
tal safety, long life expectancy and high efficiency. Based on an LED’s v-i curve, the
LED can be regarded as a non-ideal voltage source. Therefore, for LED drivers, the
importance of consideration of the termination type and the corresponding choice of
converter type should be fully reinforced. In this thesis, LED drivers are studied from
the perspective of basic circuit theory. Current-source-mode (CSM) converters are de-
rived from voltage-source-mode (VSM) converters based on the duality principle. This
thesis aims to present a comprehensive comparison of the key performance areas in re-
lation to LED lighting applications. A CSM single-inductor multiple-output (SIMO)
converter with simple control strategy and the least number of inductors is constructed
by using CSM converters for driving LEDs. In order to improve the efficiency of the
CSM SIMO LED driver, the adaptive current bus technique is applied to the proposed
CSM SIMO converter.

First, we study the basic requirement of the driving circuits and discuss the proper
approach to driving LEDs in view of their characteristics. We compare voltage source
driving and current source driving, and discuss their relative advantages and con-
straints. We specifically introduce the use of circuit duality principle for developing
CSM drivers which are less known but are theoretically more versatile compared to

their conventional VSM counterparts. The study highlights the effects of the choice of



vi

driving circuits in terms of the number and size of circuit components used, duty cycle
variation, sensitivity of control, nonlinearity and control complexity of LED drivers.
We present a systematic and comparative exposition of the circuit theory of driving
LEDs, with two examples supporting the high value and huge potential use of CSM
converters in lighting systems.

SIMO LED drivers have the advantages of being compact, efficient and low cost.
However, the voltage-to-current transfer function of each output of the SIMO converter
is not independent, with significant cross regulation issues that necessitate the use of
complex closed-loop control for achieving independent dimming function. Based on
the duality principle, this thesis proposes a CSM SIMO dc-dc converter which is shown
to be more suited for LED driving due to widened control range of the duty cycle and
inherently inductor-less LED driving topology. The outputs of the CSM SIMO dc-
dc converter are inherently independent, resulting in very simple control requirement
involving only one closed-loop controller for providing the constant current feeder,
and several simple open-loop controllers for independent dimmable driving of LEDs.
Simultaneous voltage step-up and step-down of multiple outputs is an added feature
that simplifies the input power source requirement especially for portable applications.
The whole system is simple, reliable and low cost. Taking the CSM single-inductor
dual-output (SIDO) dc-dc converter as an example, we illustrate the circuit operation
and establish a small-signal model for facilitating the design of the feedback control.
A direct duty-cycle dimming method is described.

Finally, an attempt is made to improve the efficiency of the CSM SIMO LED driver.
This LED driver has many advantages, however, the low efficiency is a serious con-
straint for the widespread use of the CSM SIMO dc-dc converter. Another limiting
factor is that the low-frequency pulse-width modulation (PWM) dimming method can
not be extended to three or more outputs in this CSM SIMO dc-dc converter. We
apply the adaptive current bus technique to the CSM SIMO dc-dc converter for im-

proving the efficiency. The reason for the increase in efficiency is explained in terms
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of the energy flow path and the power consumption of devices. The problem of using
low-frequency PWM dimming method is analyzed and solved. Regarding the voltage
stress of switches, we compare the traditional series-input-connected structure with

the CSM SIMO dc-dc converter, and conclude that the CSM SIMO dc-dc converter is

more suited for high-step-down applications without the use of transformers.
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Chapter 1

Introduction

1.1 Background

In the development of electric lighting in the past one hundred years, the electric light-
ing industry has gone through three major stages [2—4]. The representative lighting de-
vices of the three stages are incandescent lamps, fluorescent lamps and high intensity
discharge (HID) lamps. It is now widely accepted that light-emitting-diodes (LEDs)
are the new generation of high-power lighting sources [5-9].

With the advent of electricity generation, the carbon arc lamp, invented by Humphry
Davy in 1870 in UK, was the first electric lighting device, but its use was restricted only
for street and large building lightings. Light in the carbon arc lamp was produced by
a wire filament after the wire filament was heated electrically. However, the arc lamp
was not suitable for practical applications due to high cost and short lifespan. This
limitation was lifted by Edison who discovered a new material out of more than 6,000
fiber materials. The new material was the Japanese bamboo silk which was durable
and could produce light for more than 1,000 hours. In 1879, the high-resistance in-
candescent lamp, which was capable of continuously producing light for 40 hours,
was invented. Thus, Edison invented the first lamp for a wide range of practical uses.

The practical incandescent lamp invented by Edison kicked off the prevalent use of

1



2 CHAPTER 1. INTRODUCTION

electricity in daily life.

The electric lighting devices continued to be improved after the invention of the
fluorescent lamp. In 1939, the fluorescent lamp was invented and extensively used,
and became another important lighting source. In 1959, the halogen lamp, which con-
sists of halogen gas and a tungsten filament, injected new vitality into thermal radia-
tion light source. The combination of the halogen gas and the tungsten filament can
produce a halogen cycle chemical reaction, redepositing evaporated tungsten to the fil-
ament. The halogen lamp is small, and is superior to the incandescent lamp in terms of
luminous efficacy and lifespan. In recent years, the production of halogen lamps have
matured, achieving excellent stability and high shake-resistance. The halogen lamp
can be directly used in power grids with the input voltage being 220 V or 110 V. Fluo-
rescent lamps have high luminous efficacy, and are integrated with electronic ballasts,
replacing traditional incandescent lamps in many applications. The power factor of
the fluorescent lamp with electronic ballast can achieve 0.98, and the total harmonic
distortion is less than 10%. The lifespan can be extended to 10,000 hours.

HID lamps, as the third generation of lighting sources, are suitable for large area
and outdoor lighting. The working pressure inside the HID lamp normally exceeds
10 times atmospheric pressure. The HID lamp, which has a short and high-brightness
discharge tube covered by glass or quartz, can be divided into three categories: high
pressure mercury lamp, high pressure sodium lamp and metal halide lamp. The high
pressure mercury lamp is the simplest HID lamp, and is mainly used in indoor lighting
of industrial and mining premises. The high pressure sodium lamp needs to use a ce-
ramic arc tube, in order to withstand the erosion of high temperature steam of sodium,
thereby increasing the lifespan up to 24,000 hours. The metal halide lamp is the most
complicated HID lamp, producing light by an electric arc through a gaseous mixture
of vaporized mercury and metal halides. It is widely used in occasions requiring high
luminous efficacy and high quality white light.

In the past 50 years, LEDs, which are solid-state lighting sources, have made major
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breakthroughs. An LED can operate at a low DC voltage. The conversion efficiency of
light is very high, and the luminous surface is small. Thus, the color effect of LEDs far
exceeds that of incandescent lamps. The lifespan can be increased to 100,000 hours.
With the breakthrough in the performance of blue LEDs, white LEDs have come prac-
tically available. Many companies are bringing various LED products to the market.
The 21st Century has become an era of solid-state lighting sources, and combining
with green energy, LEDs become an environmentally friendly lighting source.

At present, lighting power consumption accounts for about 19% of the world’s total
energy consumption [10]. In the US, about 273 billion kWh is consumed by residential
and commercial lighting systems in 2017. The rising consumption of energy and the
surge in lighting power consumption will bring increasingly grave challenges in eco-
logical environmental protection. Hydro energy for the production of electricity has
various advantages such as being pollution free and renewable in nature. However, if
the hydropower facilities are built without restriction, the natural environment would
be seriously affected. The coal-fired power plants will aggravate the existing energy
crisis, although thermal power technology is very mature. Therefore, we should en-
hance the use of renewable energy, and accelerate the development of various power
generation technologies, for instance, solar energy, wind energy and nuclear energy.
On the other hand, we need to accelerate the research, application and development
of energy-efficient lighting sources. However, traditional lighting sources, such as in-
candescent lamps, fluorescent lamps, metal halide lamps, etc., consume a lot of energy
and are inefficient, squandering large amounts of electric energy.

The traditional lighting sources have the disadvantage of low efficiency. Replacing
traditional lightings by LEDs and other alternative forms of lighting sources has rapidly
become a global trend. The LED, in particular, has become a promising new generation
lighting source because of the advantages of environmental safety, long life expectancy
and high efficiency [11].

With the gradual increase in the luminous efficacy of LEDs, the performance of
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LED drivers has become a key limiting factor for the application of LEDs. Many
designers attempt to improve the performance of LED drivers in many ways. An LED
driver is a dc-dc converter that converts a voltage source to a specific current source
for driving LEDs. In general, the input of an LED driver includes low DC voltage,
high DC voltage, low-frequency AC voltage, high-frequency AC voltage. The output
of the LED driver is a constant current source. It is obviously that properly designed
LED drivers can significantly improve the efficiency and achieve energy saving of the
whole system. The lifespan of the LED lighting system depends to a large extent on
the quality of the LED driver. The theoretical lifespan of an LED can reach 100,000
hours. Thus, a reliable and durable LED driver can ensure long lifespan of the overall

system.

1.2 Motivation

Traditional power converters, e.g., buck and boost converters [12-18], are designed
for input voltage sources that are assumed in most everyday applications. Basically,
for a traditional dc-dc converter, here called voltage-source-mode (VSM) converter,
the input voltage is fixed, and the two complimentary switches and the inductor form
the basic cell. The inductor is the high-frequency storage component. The capacitor
behind the basic cell serves a filtering function. Through the use of circuit duality
principle [19,20], a family of current-source-mode (CSM) converters can be obtained
from the common VSM converters.

Specifically, for the CSM converter, the input current is fixed, and the two com-
plimentary switches and a capacitor form the basic cell. The capacitor is the high-
frequency storage component. The inductor behind the basic cell serves only a filtering
function.

In general, the input of a dc-dc converter should comply with the source type, and

the output of a dc-dc converter can be controlled to deliver voltage or current. Thus,
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Figure 1.1: Four configurations for producing regulated output voltage or current. (a)
Voltage to voltage conversion using VSM converter (traditional dc-dc converter with
simple voltage feedback control); (b) voltage to current conversion using VSM con-
verter (traditional dc-dc converter with current-programmed control); (¢) current to
voltage conversion using CSM converter; (d) current to current conversion using CSM
converter.

there are four possible configurations using VSM and CSM converters for producing
regulated voltage or current, as shown in Fig. 1.1. Since the voltage of each individual
LED is different, the methods depicted in Figs. 1.1 (a) and (c) are not suitable for
driving LEDs. In the traditional case of Fig. 1.1 (a), the output voltage is controlled
through the duty cycle, i.e.,

Vo = Fy(D)Vin (1.1)

where D is the duty cycle and F,(.) is the function defining the input-to-output voltage
transfer ratio. According to equation (1.1), the output current in Fig. 1.1(b) can be

obtained as
_ F(D)Vi or F,(D)Vin — Vigp
RO rOllt

1, (1.2)

where R, is the load impedance, r,, is the resistance connecting the converter output

and the LED, and Vi gp is the voltage across the LED. In theory, when we use a VSM
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converter to drive LEDs, the output current is determined by both the voltage transfer
ratio and the load characteristic. However, the output current of the CSM converter in
Fig. 1.1(d) can be obtained by controlling the duty cycle given a fixed input current,
i.e.,

I, = F.(D)I;y (1.3)

where D is again the duty cycle and F.(.) is the function defining the input-to-output
current transfer ratio. The duty cycle in CSM version can control the output current
directly. The load characteristic does not affect the current delivered by the CSM

converter.

Through the above analysis, CSM converters are theoretically more versatile to
drive LEDs. However, they are less known and seldom applied to LED drivers. In
this thesis, based on specific LED v-i characteristics, the comparison between VSM
converters and CSM converters are presented in terms of the number and size of circuit
components used, duty cycle variation, sensitivity of control, nonlinearity and control

complexity of LED drivers.

In many applications, multiple-output LED driving with independent dimming
function is necessary [21-24]. The various output power levels are usually gener-
ated from a single power source. The single-inductor multiple-output (SIMO) dc-dc
converter provides a low-cost solution as it uses only one inductor to generate multiple
outputs. However, the existing SIMO dc-dc converter has certain drawbacks including
the need for multiple closed-loop controls, the inevitable cross-regulation effects, the
need of numerous current sensors, and so on. Thus, the SIMO converter constructed
by CSM converters connecting in series becomes a possible solution to problems men-

tioned above.

Given the huge power consumption in lighting applications, high efficiency is an
important design consideration for SIMO LED drivers. Although the CSM SIMO con-

verter has obvious practical merits for current driving, the efficiency is lower than con-
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ventional VSM-based SIMO converters, the reason being that the conventional SIMO
converter is a one-stage design whereas the CSM SIMO converter has two stages of
power processing, including a VSM buck converter and a CSM buck converter. There-

fore, improving efficiency of CSM SIMO converter becomes a key problem.

1.3 Thesis Organization

This thesis is organized as follows.

Chapter 2 provides a literature review. Discussions of LED’s advantages, LED’s
characteristics, connection circuits, dimming methods and some basic LED drivers
including SIMO LED drivers are presented.

Chapter 3 studies the driving circuit requirement for LED loads and examines the
circuit transformation of power conversion circuits via the duality principle. This chap-
ter investigates VSM and CSM drivers in terms of the main circuit components, the
range of duty cycle variation, the sensitivity of the output current to the change of
duty cycle, the nonlinearity of the control function and the control complexity. Two
multiple-output converters are derived based on CSM converters which are suitable
candidates for driving LEDs. The exact circuit configuration depends on the specific
choice of the converter circuits. We emphasize that proper application of circuit con-
cepts would form the basis of design of effective driving circuits for LED applications.

Chapter 4 constructs a CSM SIMO converter based on the circuit duality principle
and the inherently inductorless CSM buck converter. The outputs of the CSM SIMO
converter are independent, resulting in very simple control strategy. One closed-loop
controller and several simple open-loop controllers can achieve independent dimming
function. Both the high-frequency and the low-frequency PWM dimming methods can
be applied to the CSM SIDO converter.

Chapter 5 proposes a quasi-two-stage CSM SIMO LED driver with an adaptive

current bus for efficiency enhancement. The proposed structure can achieve high-step-
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down ratio without using transformers. The voltage stress in each constituent converter,
unlike in the conventional configuration, depends only on its input voltage and output
voltage, with no mutual influence. We explain the improvement in efficiency from the
point of view of energy flow and power losses. Moreover, the low-frequency PWM
dimming method is extended to three or more outputs.

The thesis concludes in Chapter 6, where major findings of the project are summa-

rized and some thoughts on future works are presented.



Chapter 2

Literature Review

In this chapter, we first review some fundamental concepts that are highly relevant to
designing proper LED drivers, including LED’s v-i characteristics, connection circuits
and dimming methods. On the other hand, the traditional LED drivers and SIMO
LED drivers will be discussed and some strategies on improving the efficiency will be
presented. Based on the analysis, an alternative solution to design LED drivers will be

proposed.

2.1 Properties of LEDs

An LED is an incredibly useful device with specific v-i characteristics, and therefore,
it is essential to master the advantages and characteristics of an LED. In this section,
the merits of using LEDs are discussed, and the relationship between LED’s forward
voltage and the current flowing through the LED is reviewed. The LED’s model is

established to simplify analysis and design calculations.

2.1.1 Advantages of LEDs

As a new generation of lighting sources, LEDs have the following advantages [25-28]

over traditional lighting sources:
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(1) A LED has a low terminal voltage. Generally, the terminal voltage of an LED
is low, which makes them suitable for use in outdoor lighting applications that require
high-level safety. If an LED works in a wide range of operating temperature, the
performance of the LED does not suffer performance degradation.

(2) The luminous efficacy is high. Generally, the rated power of an LED is low. The
luminous efficacy is one parameter for describing the amount of light emitted per unit
of power consumed by the bulb. Under the same lighting effect, the power consumption
of LEDs is about one-eighth of that of the incandescent lamp. Therefore, in most LED
lighting retrofit projects, the overall efficiency can be improved significantly.

(3) A LED has a long life expectancy. Compared with traditional lighting sources,
LEDs have a long lifespan, which is the most significant advantage. The operating
hours can reach 100,000 hours or more, being 10 times as long as most fluorescent
lamps. Meanwhile, LEDs can work stably in special environments with no parts being
easily damaged because of the structural features of LEDs.

(4) The actual LED is extremely small, which makes LEDs particularly well suited
for applications requiring a large number of LEDs. For instance, LEDs are incred-
ibly adaptable to a wide spectrum from traffic signals to residential and commercial
applications.

(5) The response speed for LEDs is high. LEDs can turn on or off quickly without
warm-up period, and frequent switching causes no degradation in LEDs. Thus high-
frequency PWM dimming methods (as will be explained later) can be applied to drive
LED:s.

(6) Unlike fluorescent or mercury vapor lamps, LEDs impose no harm to the en-
vironment. The mercury contained in mercury vapor lamps is an intractable mate-
rial which needs to be handled specially at the end of the product’s useful lifespan.
However, none of these considerations are necessary with LEDs, making LEDs more
environmentally friendly.

(7) LEDs possess better dimming capability than traditional lighting devices. For
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Figure 2.1: LED’s v-i curves for different LEDs.

instance, when metal halides work at a lower power level, the efficiency is low and
the dimming function may fail. However, LEDs have the capacity to operate at any
percentage of their rated power by using LED drivers with the efficiency maintained

high even when the power is reduced.

2.1.2 Characteristics of LEDs

One function of LED drivers is to provide the required voltage and current. To have
a better grasp of LED drivers, we should study the LED’s electrical characteristics
[29,30].

Fig. 2.1 shows the v-i curves for different LEDs, even among the same batch of
LEDs. The x-axis and y-axis are the forward voltage across an LED and the corre-
sponding current flowing through the LED, respectively. Based on Fig. 2.1, different
LEDs could have different currents for the same voltage across the LEDs. The lumi-
nous flux is primarily determined by LED’s current. Therefore, if an LED is driven
by a constant voltage, the luminous flux cannot be controlled accurately, indicated in
Fig. 2.1 by dotted lines. Moreover, the voltage of an LED basically varies within a
rather narrow range as the LED’s current changes. In other words, small changes of
the LED’s voltage can result in large changes of the LED’s current.

Fig. 2.2 shows a typical LED’s v-i curve which indicates that we can regulate LED’s

voltage, thereby regulating LED’s current. When the forward voltage is smaller than a
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Figure 2.3: Ripple analysis from linearized model. (a) LED’s voltage ripple vs. current
ripple; (b) LED’s simplified model.

specific threshold voltage, the current is usually quite small with no luminance. When
the forward voltage is larger than a specific threshold voltage, the LED’s current is
changing in an approximately linear manner with the LED’s voltage. The specific
threshold voltage is called cut-in voltage Vr. However, when the forward voltage
is larger than the cut-in voltage, a small change in LED’s voltage will cause a large
change in the LED’s current. Thus, constant voltage source is not suited for driving
LEDs [26]. Since the luminance of the LED is basically proportional to the LED’s

current, we can regulate the LED’s current to regulate the luminance [31].

2.1.3 Model of an LED

In reality, an LED is a non-ideal voltage source having a characteristic v-i relationship,

as typically shown in Fig. 2.3(a). When the forward voltage is higher than its cut-in
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Table 2.1: Advantages of Different Companies.

‘ Technical strength ‘ Flagship product ‘ Package technology
Cree High power chip Xlamp GaN and SiC sub-
strates

Osram Fluorescent material | Topled and Golden | SiC substrate

and vehicle lighting | Dragon

technology
Philips High power LED | Luxeon Reble Si substrate

lighting die
Nichia Phosphor technology | High Flux Sapphire substrate

voltage Vp, the LED’s current is changing in an approximately linear manner with the
LED’s voltage. Therefore, an LED can be modeled as a series connection of an ideal
diode, a voltage source Vr and a resistor, as shown in Fig. 2.3(b), with the forward
voltage higher than V. The ratio of Av,/Ai, for a specific LED can be empirically

found, e.g.,
Av, _315-227V

Ai, 47T T 350mA

=25Q. 2.1

2.1.4 Recent Progress in Enhancement of LEDs

In 1962, Holonyack [32] invented the first LED of visible red light by using gallium
arsenide phosphide on gallium arsenide substrate. In 1972, Craford [33] further im-
proved the brightness of the red LED, and created the first yellow LED at Monsanto by
using gallium arsenide phosphide. In 1992, Nakamura [34,35] at the Nichia Corpora-
tion led the development of the first bright blue LED by using GaN (gallium nitride).
Since the blue LED can be produced commercially, the invention of the blue LED
became the most critical milestone.

The world’s major lighting giants, namely, Cree, Osram, Philips and Nichia, have
launched large-scale commercial plans to commit to research and development of
white LEDs. During the past two decades, each company has its own technical strengths,

as shown in Table 2.1, and has contributed to the popularization of LEDs for general
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lighting applications.

According to the observation made in [36], the amount of light generated by one
LED lamp package has increased by a factor of 20 to 30 per decade, and the lumi-
nous flux generated by one LED lamp costing a certain price (measured in Im/USD)
has increased by a factor of 10 per decade. Based on the data collected in [5], for a
typical 0.5 W LED (but ranging from 0.25 W to 1.0 W), the performance-to-price ratio
as expressed in lumen per USD ranges from 500 to 1500 Im/USD, which means that
midrange power white LEDs emitting 100 Im would cost about 10 cent. In 2016, for
a retrofit LED light bulb emitting 500 Im (equivalent to a 40 W incandescent lamp),
the cost of the associated LEDs was about 50 cent. In 2013, IHS Inc., a leading global
marketing research company for information and analysis, reported that LED bright-
ness had been steadily improved (i.e., high system luminous efficacy exceeding 150
Im/W) [37,38], and the use of new materials allowed them to move into new applica-
tions for achieving energy saving.

Based on [5], the power range of the LED drivers can be broadly divided into three
groups: low power (<25 W), medium power (25 W to 100 W) and high power (>100
W). The low power group suits ornament and interior lighting applications where the
required luminous output is low. The medium power group suits general indoor light-
ing applications (including meeting room light, showroom light and flat light) where
the required luminous output is relatively high. The high power group suits outdoor ap-
plications (including street lighting and floodlight) where the required luminous output

is very high.

2.2 Connection Circuits and Dimming Methods

In applications where high brightness and high reliability are desired, it is necessary
to use numerous LEDs. There are three ways for connecting LEDs, namely, series

connection, parallel connection and hybrid connection [39-47]. In this section, the
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Figure 2.4: Connection circuits. (a) Series; (b) parallel; (c) hybrid.

advantages and disadvantages of various types of connection are analyzed, and their
respective applications are discussed. Two basic dimming methods for LEDs, namely,

PWM dimming and analog dimming are presented.

2.2.1 Connection Circuits

Series connection, which is shown in Fig. 2.4(a), can guarantee that the current flow-
ing through each LED is identical. In view of the considerably wider range of linear
relationship between the current and the luminance of the LED, the performance of
luminance uniformity is good. The disadvantage is that failure of one LED will cause
the whole LED string to fail. Also, with the increase of the number of LEDs, the termi-
nal voltage of the LED string may exceed the safety limit. Furthermore, independent
dimming function cannot be achieved for the individual LED lights.

The advantage of parallel connection is that a low terminal voltage can drive nu-
merous LEDs, as shown in Fig. 2.4(b). The disadvantage is that the total current will
increase with the increase of the number of LEDs. Another disadvantage is that the
current flowing through each LED is different because of the difference in each LED’s
rated voltage, resulting in mismatch in the brightness of each LED. When any one

of the LEDs is disconnected, the current flowing through the remaining LEDs will
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increase, which may damage the whole circuit.

As mentioned above, the problem of series-connected LEDs is the high terminal
voltage when the number of LEDs is large. The problem of parallel connection is
the large current when the number of LEDs is large. Therefore, hybrid connection,
which combines the two styles of connection, solves the problems well. The terminal
voltage and the total current can be reduced simultaneously. The whole circuit is rela-
tively simple with high efficiency. The hybrid connection is suitable for driving a large

number of LEDs, as shown in Fig. 2.4(c).

2.2.2 Dimming Methods

There are two basic control or dimming methods for LEDs, namely, PWM dimming
and analog dimming [48], as shown in Fig. 2.5. Each of the methods has its own
advantages and shortcomings. The PWM method is realized by switching on and off an
LED string repeatedly while the LED’s average current is maintained. The frequency
of the LED string’s switch is set from a few hundred hertz (cycles per second) to a few
thousand hertz to avoid flickering and stroboscopic phenomena [49]. However, in some
applications, such as machine vision and industrial inspection, high-speed cameras and
sensors may respond much faster than the human eyes, thus the switching frequency
of the LED strings should be raised to a few tens of kilohertz or higher, which is
harder to implement. This issue, however, does not exist if we use an analog method.
Additionally, PWM driving of LED backlights of display panels may easily lead to
eye fatigue. Thus, some practical designs have resorted to analog driving, and some
standard controller ICs are available for this purpose, such as LD5857 by Leadtrend
Technology. The analog method is done by regulating the value of the forward current
that flows into the LED. In view of the considerably wider range of linear relationship
between the current and the luminance of the LED, an analog dimming method is

applied to VSM and CSM converters for comparison in Chapter 3.
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Figure 2.6: Resistor regulator.

2.3 LED Drivers

LED drivers commonly employ resistor regulators, linear regulators and switching dc-

dc regulators [31,50-52]. Details of the three drivers are provided below.

2.3.1 Resistor Regulator

The schematic diagram of the resistor regulator is shown in Fig. 2.6. The expected for-
ward voltage can be obtained according to the LED’s v-i curve. A resistor is connected
in series with a voltage source and an LED. The current regulation process is achieved

by controlling the voltage across the current limiting resistor, i.e.,

Vin -
R, = Vin = Vien. (2.2)
ILED

where Vj, is the input voltage, I gp is the current following through an LED, and Vi gp
is the forward voltage drop of an LED.

This regulator is the simplest way to drive LEDs, only requiring a current limiting
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Figure 2.7: Linear regulator. (a) Parallel linear regulator; (b) series linear regulator.

resistor to regulate the LED’s current. But it also has some disadvantages. One disad-
vantage is that small changes in the input voltage can cause large changes in the LED’s
current, leading to large changes in the luminous flux. Another obvious disadvantage
is that the current limiting resistor consumes a great deal of power, making the whole

system inefficient.

2.3.2 Linear Regulator

Compared with resistor regulator, the linear regulator can greatly improve the precision
of the LED’s current. The power switch working in the linear region can be equivalent
to a dynamic resistance. The negative feedback network maintains the LED’s current at
a constant value by adjusting the equivalent resistance of the power switch. However,
because the power switch operates in the linear region, lot of power is consumed and
the efficiency of the system is low. The power switch can be connected in parallel or
in series, as shown in Fig. 2.7.

When the power switch is connected in parallel, the switch and the LEDs can be
regarded as a current divider, as shown in Fig. 2.7(a). A current limiting resistor is nec-
essary to limit the current. As the input voltage increases, the current flowing through
the LEDs increases. The increase of the feedback voltage causes the decrease of the
dynamic resistance of the power switch, further causing the increase of the current
flowing through the power switch. Since the total current flowing through the current

limiting resistor will increase, the voltage across the current limiting resistor will in-
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Figure 2.8: Three basic LED drivers. (a) Buck; (b) boost; (c) buck-boost.

crease and the voltage across the LEDs will decrease. The current flowing through the
LEDs remains constant because of the negative feedback network. The current limiting
resistor decreases the efficiency of the driver. It is difficult to keep the LED’s current
constant when the input voltage varies in a wide range.

When the power switch is connected in series, the switch and the LEDs can be
regarded as a voltage divider, as shown in Fig. 2.7(b). The current limiting resistor
is no longer needed. As the input voltage increases, the dynamic resistance of power
switch increases, leading to the increase of the voltage across the power switch. The
current flowing through the LEDs remains constant. Compared with the parallel linear
regulator, the series linear regulator can remove the current limiting resistor, which can
greatly improve the efficiency of the LED driver. However, because the input voltage
should be higher than the LEDs’ voltage combining with the saturation voltage of the

power switch, the range of the input voltage is limited.

2.3.3 Switching DC-DC Regulator

The switching converter can regulate the output voltage by regulating the duty cycle.
Theoretically, the power loss of the switch can be reduced to zero. The switching
converter, which is an efficient power conversion device, can easily regulate LED’s

current. The traditional feedback signal of the VSM converter derives from the output
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voltage. The VSM converters can be used for driving LEDs by deriving the feedback
signal from the output current. Three basic LED drivers, namely, buck, boost and
buck-boost converters, are shown in Fig. 2.8.

The basic working principle of the buck converter [S3—-56] is briefly described here.
When the switch is ON, the power supply charges the inductor and the load simulta-
neously. When the switch is OFF, the energy stored in the inductor charges the load.
The switch works periodically. The output voltage can be regulated by controlling the
duty cycle. The buck converter is a step-down dc-dc converter.

The basic working principle of the boost converter [57-60] is briefly described
here. When the switch is ON, the power supply charges the inductor. When the switch
is OFF, the power supply and the energy stored in the inductor charge the load. The
switch works periodically. The output voltage can be regulated by controlling the duty
cycle. The boost converter is a step-up dc-dc converter.

The basic working principle of the buck-boost [61-64] converter is briefly de-
scribed here. When the switch is ON, the power supply charges the inductor. When
the switch is OFF, the energy stored in the inductor charges the load. The switch works
periodically. The output voltage can be regulated by controlling the duty cycle. The

buck-boost converter can achieve voltage step-up or step-down function.

2.4 SIMO LED Drivers

In many applications, multiple-output LED driving with independent dimming func-
tions is necessary, such as color-temperature control, multiple dimming control and
lighting in power-saving mode [21-24]. The various output power levels are usually
generated from a single power source.

The most direct and effective way to achieve independent dimming functions is to
use a parallel structure, as shown in Fig. 2.9(a). The parallel-connected converters are

completely independent, and the cross-regulation effects can be eliminated. However,
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Figure 2.9: Conventional multiple-output topologies. (a) Parallel-connected dc-dc con-
verters; (b) conventional SIMO dc-dc converter.

this parallel structure requires extra sets of components, increasing the cost and com-
plexity of the system. Compared to the parallel-connected dc-dc converters, the SIMO
dc-dc converter [65-69] provides a low-cost solution as it uses only one inductor to
generate multiple outputs. Fig. 2.9(b) shows an existing SIMO dc-dc converter. The

function of diodes D,, to D,, is to prevent the reverse current.

Obviously, the existing SIMO dc-dc converter has certain drawbacks including
the need for multiple closed-loop controls and the inevitable cross-regulation effects
[70-76]. Previous works have analyzed the steady-state voltage gain and the cross-
regulation problem of the SIMO dc-dc converter [77,78], and some solutions have been
proposed, including the coordination of multiple control loops under three different
operation modes, namely, discontinuous conduction mode (DCM), pseudo-continuous
conduction mode (PCCM) and continuous conduction mode (CCM), to achieve inde-

pendent dimming functions and alleviate cross-regulation effects.

Under DCM operation, the pulse-train (PT) and time-multiplexing (TM) control
techniques have been employed [70,78]. In this case, the SIMO dc-dc converter with
n outputs divides up the main switching cycle into n sub-intervals. Each sub-interval
supplies power to an output. Since the inductor current decreases to zero before each
sub-interval ends, the PT and TM control techniques can achieve independent dimming

function and suppress cross regulation. However, there are three main drawbacks.
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First, the SIMO dc-dc converter can only work under light load condition incurring
large current ripple, high switching noise and high switching device dissipation. Sec-
ond, when we set the main switching frequency, other switching frequencies are 1/n of
the main switching frequency. This arrangement is not desirable, especially when the
number of outputs increases. Third, the control strategies are complex and the number
of current sensors required is large.

Under PCCM operation, an extra switch connected in parallel with the inductor
is needed to improve the power levels and suppress cross-regulation effects [72, 73].
In this mode, each switching cycle contains a freewheeling interval for improving load
capability. The extra switch thus imposes a higher cost to the design, and the switching
loss could be increased because of the non-zero inductor current.

Under CCM operation, moreover, in order to achieve independent dimming func-
tions and reduce the cross-regulation effects, various control techniques have been
proposed. A digital control method for the SIMO dc-dc converter has been consid-
ered [74], involving separate control of common-mode and differential-mode output
voltages. However, with the differential-mode loop gain kept constant under load
change, the cross-regulation effects cannot be eliminated. Another approach is to ap-
ply multiple-loop control [75], which uses an outer loop to regulate the inductor cur-
rent using an average current mode control and an inner loop to regulate each output.
However, the effects of cross regulation are still significant because of the different
bandwidths in the control loops. Furthermore, a predictive digital current mode con-
trol strategy has been proposed [79], which exploits the computational capability to
calculate the duty cycle of the next switching cycle. The predictive control allows the
SIMO dc-dc converter to reduce cross-regulation effects. An alternative digital control
strategy was also reported [80], which uses a feedback network containing a multiple-
variable controller based on shaping a family of open-loop multiple-input multiple-
output transfer function matrices. This method can achieve independent dimming

functions and minimize the cross-regulation effects. However, these digital control
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strategies are rather complex. The circuit cost and computational burden are expect-
edly high.

All the strategies mentioned above are based on the VSM converters. Through the
use of circuit duality principle [19,20], a family of CSM converters can be obtained
from the common VSM converters. The differences between VSM and CSM convert-
ers are presented below.

The first difference is that for a VSM converter, the input voltage is assumed to be
fixed, and the two complementary switches and the inductor form the basic cell. For
a CSM converter, the input current is fixed, the two complementary switches and the
capacitor form the basic cell. The second difference is that the inductor’s function in
a VSM converter is totally different from the inductor’s function in a CSM converter.
The inductor in a VSM converter is a high-frequency switching storage component
while the inductor in a CSM converter is a filter component. The third difference is
that VSM converters deliver voltage to the output. If we use openloop control for VSM
converters, the duty cycle will change the output voltage which is not suitable for LED
dimming. However, CSM converters deliver current to the output. Openloop control is
adequate for CSM converters, as the duty cycle will change the output current directly.
The fourth difference is that the value of the switching storage inductor in a VSM
boost converter must be chosen to guarantee operation in the intended mode. In the
CSM buck converter, the value of the switching storage capacitor must be chosen to
guarantee operation in the intended mode.

Despite their long history of existence [81], CSM converters are still relatively
less analyzed or applied for driving LEDs. The main reason for this omission is that
voltage sources are a more common form of power sources and can be connected to
the input terminals of a VSM converter directly. It has sometimes been misunderstood
that the CSM converters are simply VSM converters with an additional storage upon
superficial inspection of the circuits. Such misconception has created confusion and

prevented proper understanding of the characteristics of CSM converters. Furthermore,
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resistive loads are also a commonly assumed form of loads and more widely included
in analysis. A comparatively smaller amount of literature has thus been devoted to
discuss the application of CSM converters and the dual operation of driving LEDs
[66, 82-86].

In [81], the duality principle enables the attainment of CSM converters based on
VSM converters. Both the CSM isolated and CSM non-isolated versions are derived in
this work [81]. At that stage, however, LED lighting was largely unknown. The author
predicted that the CSM circuits would help to complete a supplementary portion in the
large area of the problems associated with power electronics circuits.

If transformer isolation is desired, flexibility exists in combining the two stages
through appropriate switching arrangement and transformer design. An example of a
dual power supply with power factor correction and current load driving can be found
in [87], which represents an early attempt in applying duality principle for deriving
alternative current-based topologies. It should be noted that although the design de-
scribed in [87] did not explicitly address the LED driving applications at the time it
was published, it should now become apparent that such a design is highly relevant to
the driving of LED lighting systems.

Qin et al. [83] proposed an LED driver without electrolytic capacitor by using
CSM converters and duality principle. The output can be regarded as a current source
controlled by duty cycle, which is suited for driving LEDs. The problem in this paper
is that the inductor is designed to attenuate harmonics at double of the line frequency,
requiring the use of a large inductance. The cost of the circuit is high and the power
density is low.

Galkin et al. [84] presented a comparative study of applying VSM and CSM con-
verters for driving LEDs. In [86], we present a complete exposition of the circuit
theoretic analysis of LED driving methods and the basic topological requirements of
practical LED drivers that are fed from standard voltage sources.

In [88], the current source generator, which is constructed by using half-bridge
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converter, connects with a CSM buck converter to form a CSM transformer isolated
converter. The size and cost of the LED driver are increased because of the relatively
complicated current source generator. Therefore, it is not a desirable design for the
current source generator.

Given the huge power consumption in lighting applications, high efficiency is an
important design consideration for SIMO LED drivers. Recently, Lee et al. [43] pro-
posed a quasi-hysteretic finite-state-machine-based control strategy using an FPGA
(Field Programmable Gate Array) hardware for driving multiple-string LEDs. This
control strategy has no compensation loop and is simple to implement. The drawback,
however, is that the converter cannot operate in CCM. Furthermore, Wai and Liaw [89]
presented a bidirectional single-input multiple-output converter with high efficiency.
However, since their proposed converter contains one coupled inductor and one aux-
iliary inductor, the volume and cost of the system are inevitably increased. Another
price to pay for a higher efficiency is that this topology adopts four power switches,
leading to increased cost and complexity of the controller.

In some multiple-output applications, the input voltage is much higher than the
output voltage. A high voltage step-down ratio is thus desirable. Also, since the input
is a high voltage, the use of high-voltage components is necessary. Switching losses
are thus increased. In order to overcome these limitations, a series-input-connected
structure for driving LEDs has been proposed [1]. Due to the series connection at the
input terminal, the input voltages of the connected converters become lower, leading
to low voltage stress of the components. The use of low-voltage components and low
on-resistance switches can increase the efficiency. However, the drawback is that if
one converter fails, other converters would have to share the input voltage, leading to
increased voltage stress in each converter. A duty cycle exchanging control can be
applied to the input-series-output-series connected dc-dc converter [90] to reduce the
voltage stress of switches. This scheme is, however, only applicable to two-converter

configurations.
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In this thesis, we introduce an inductorless CSM converter and a series structure of
connecting multiple CSM converters based on duality principle. This converter and the
connection configuration are effectively the dual versions of the usual dc-dc converter

and the parallel configuration shown in Fig. 2.9(a).

2.5 Summary

This chapter provides a literature review on some electrical characteristics of LEDs,
connection circuits, dimming methods and traditional LED drivers. For most practical
purposes, the input of an LED driver is required to connect to a voltage source, leading
to obvious constraints for CSM converters. In order to fully exploit the advantages of
CSM converters for SIMO conversion applications, CSM converters and voltage-to-
current converter are combined to form a two-stage converter. The voltage-to-current
converter is in practice a common dc-dc converter controlled to deliver constant output
current. According to the analysis on the circuit requirement for converting power from
a voltage input termination to an LED output termination, the CSM SIMO converter
is proposed. Some strategies for improving the efficiency of SIMO LED drivers are
studied. Therefore, our focus in this dissertation is on presenting a systematic and
comparative exposition of the circuit theory of driving LEDs, designing CSM SIMO

LED drivers and improving the efficiency of the system.



Chapter 3

VSM and CSM LED Drivers

3.1 Introduction

In the previous chapter, we reviewed some basic characteristics of LEDs, connection
circuits, dimming methods and LED drivers. In this chapter, we will study the circuit
duality principle and examine the circuit transformation of power conversion circuits
via the duality principle. The comparison between VSM LED drivers and CSM LED
drivers will be investigated in terms of the main circuit components, the range of duty
cycle variation, the sensitivity of the output current to the change of duty cycle, the
nonlinearity of the control function and the control complexity. Two multiple-output
converters are derived based on CSM converters which are suitable candidates for driv-
ing LEDs. The exact circuit configuration depends on the specific choice of the con-
verter circuits. We emphasize that proper application of circuit concepts would form
the basis of design of effective driving circuits for LED applications. Some practi-
cal configurations of 10-W LED driving circuits are presented in this chapter for the

purpose of illustration.

27
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Figure 3.1: Basic converters (referred to as VSM converters in this thesis). (a) VSM
buck converter; (b) VSM boost converter.

3.2 Circuit Duality Principle

The conventional buck and boost converters, here referred to as VSM buck and boost
converters, are shown in Fig. 3.1. The input termination is fed by a voltage source,
which is normally a constant DC voltage. The converters deliver voltage to an LED
load, and the duty cycle controls the input-to-output voltage ratio. Thus, the output
can be regarded as a controllable voltage source. For a VSM converter, under CCM

operation, the well-known steady-state voltage gain, M, is

A D  for VSM buck converter
M=—= 1 3.1
Vin —— for VSM boost converter
1-D
where D is the steady-state duty cycle, V;, and V, are the input and output voltages.

The duality transformation of a VSM converter to a CSM converter follows the

following standard procedure [19]:
1. A dual graph is obtained, as illustrated in Fig. 3.2.

2. Voltage sources are replaced by current sources, and vice versa. Capacitors are
replaced by inductors, and vice versa. Resistors (R) are replaced by conductors

(G = 1/R).

3. An “on” switch is replaced by an “off”” switch, and vice versa. Hence, duty cycle

D becomes (1 — D).

The current-source-mode counterparts of the buck and boost converters are shown in
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Figure 3.2: Graph G and its dual G".
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Figure 3.3: Dual or CSM converters. (a) CSM buck converter; (b) CSM boost con-
verter. Common misconception may result from superficial circuit inspection, e.g.,
the CSM boost converter “looks” like a buck converter preceded by a capacitor. The
switching storage here is the capacitor C and its value must comply with the respective
operating mode, whereas the “small” inductor only serves to smooth the output current
and is not part of the converter circuit.

Fig. 3.3. The input termination is fed by a current source. The converters deliver
current to an LED load. The duty cycle controls the current ratio of the input and
output. Thus, the output can be regarded as a controllable current source.

The basic working principle of the CSM buck converter is briefly described here.
When the switch is ON, the input current source is short and the capacitor charges the
load. When the switch is OFF, the input current charges both the capacitor and the
load. The input current is injected into the basic cell, and the capacitor delivers energy
to the load. The capacitor follows the amp-second balance.

The basic working principle of the CSM boost converter is briefly described here.
When the switch is ON, the input current source and the capacitor charge the load.
When the switch is OFF, the input current source charges the capacitor. The inductor
charges the load. The input current is injected into the basic cell, and the capacitor

delivers energy to the load. The capacitor follows the amp-second balance.
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For a CSM converter under CCM operation, the steady-state current gain, M’, is

directly obtained by replacing D with 1 — D in the corresponding VSM equation, i.e.,

I 1 -D CSM buck converter

M === 1 (3.2)
D CSM boost converter

where [, and I, are input and output currents. We should point out that the CSM con-
verter has often been misinterpreted as a VSM converter plus a storage component
(capacitor or inductor). For instance, from a superficial inspection of the circuit of
Fig. 3.3(a), one may be mistaken to consider the CSM buck converter as a VSM boost
converter if we replace the current source by a voltage source connected in series with
an inductor. This viewpoint is obviously incorrect. The VSM boost converter and
the CSM buck converter are totally different. First, the value of the switching storage
capacitor in the CSM buck converter, like its inductor counterpart in the VSM boost
converter, must be chosen to guarantee operation in the intended mode. In fact, the
CSM buck converter, as shown in the dashed block, generates current to the load con-
sisting a smoothing inductor and an LED. Second, the current source constructed by a
voltage source behind an inductor is an alterable current source. Thus, when the power
changes, the input current would change accordingly while the input voltage would
be constant. However, for the CSM buck converter, the input current is constant and
unaffected by the power output. The range of duty cycle variation in the CSM buck
converter is thus wide, as will be explained in Section 3.3.2. Third, the CSM buck con-
verter inherently delivers current directly to the output, and this property dramatically

simplifies the control circuit, as will be explained in Section 3.3.5.

There are two variables of an LED, i.e., the forward voltage and the operating
current. According to (3.1), for a VSM converter, we can adjust the duty cycle to
control the output voltage which is connected to the forward voltage of the LED. The

operating current, which determines the luminance, changes with the forward voltage.
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Table 3.1: Parameters of Test Circuits

VSM CSM VSM CSM
buck converter buck converter | boost converter boost converter
Vin 48V — 24V —
L — 500 mA — 100 mA
T 20 us 20 us 20 us 20 us
L 2000 uH 2000 uH 2000 uH 2000 uH
C 47 uF 47 uF 47 uF 47 uF

Moreover, according to (3.2), for a CSM converter, we can theoretically adjust the duty

cycle to control the operating current of the LED, leading to direct luminance control.

3.3 Comparison of VSM and CSM Drivers

Here, we compare the VSM and CSM drivers in terms of number and size of the main
circuit components, the range of duty cycle variation, the sensitivity of the output cur-
rent to change of the duty cycle, and the extent of nonlinearity. The load is composed
of a string of n white LEDs stacked in series. All converters are designed to operate
in continuous CCM. (In the case of CSM converters, the CCM operation corresponds
to continuous capacitor voltage mode (CCVM).) For effective illustration, we present
alongside the following analysis a set of measured data from experimental circuits.
The circuit parameters of the prototypes are listed in Table 3.1. Each LED is rated at 1
W and 350 mA. All converters employ the same set of components: MOSFET, diode,

inductor and capacitor. In the test circuits, we set n = 10.

3.3.1 Number and Size of Circuit Components

In order to compare the number and size of the main circuit components of the VSM
and CSM converters, we analyze the output ripple amplitude, which affects the color

drift characteristic and lifetime of LEDs. In the case of the VSM buck converter, the
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Figure 3.4: Relationship between ripple and capacitance value of VSM and CSM buck
converters

current ripple of the inductor can be obtained as

Vin —n (VF+IoRd)D

AiL = I

T (3.3)
where /, is the steady-state average output (load) current, Vy and R, are as defined in
Fig. 2.3. The output voltage ripple, which corresponds to the current ripple in (3.3),
can be calculated as

{Vin = n(Vp+I,R)} DT?

Av, = RLC (3.4)

where C is the output capacitor which is included for ripple reduction and is not re-

garded as part of the switching converter.

In the case of the CSM buck converter, the current ripple of the inductor, which is

also the output current ripple, can be calculated as

. w-1)0-D)T?
Ai, = e (3.5)

where I, is the steady-state average output current. According to (2.1) and (3.5), the

equivalent voltage ripple of the CSM buck converter is

an (Iin - Io) (1 - D) T2

Av, =
Y 8LC

(3.6)

where L is the output inductor (similar to the output capacitor in the VSM case) which
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Figure 3.5: CSM buck converter with output inductor removed

plays no role in switching storage and is not part of the converter.

Furthermore, in the case of the CSM buck converter, if inductor L is removed,
the new output voltage ripple of the CSM buck converter can still meet the usual re-
quirement as long as the capacitance value is chosen appropriately. The output voltage

ripple of the CSM buck converter without the output inductor is

AVO — Iin - Io

1-D)T. (3.7)

Taking /, = 350 mA as an example, according to equations (3.4), (3.6) and (3.7), the
voltage ripples of the LEDs for different drivers are plotted in Fig. 3.4, from which we
see that the voltage (or current) ripple magnitude of the LED driven by the CSM buck
converter is smaller than that driven by the VSM buck converter having the same L and
C values (same size). Furthermore, the output voltage (or current) ripple of the CSM
buck converter without the inductor increases slightly. However, with a slightly larger
capacitance, the ripple can be dramatically reduced to meet the requirement. Without
the inductor, the size, weight and cost of the circuit can be significantly reduced, as

shown in Fig. 3.5.
In the case of the traditional VSM boost converter, the output voltage ripple is

_I,DT

Av,
Vo= T¢

(3.8)

where 1, is the steady-state average output (load) current, and the current ripple in an
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Figure 3.6: CSM boost converter with additional output capacitor.

LED load driven by the VSM boost converter is

. LDT
lp = .
anC

(3.9)

In the case of the CSM boost converter, the current ripple of the inductor is also the

output current ripple, which can be found as

Vi + I,R
A%:AQ:ﬂJ%T—Qa—Dﬁ. (3.10)

Since the LED’s current is the inductor’s current, the current ripple amplitude in
the CSM boost driving converter is larger than that in the VSM boost converter. It
should be noted that for the CSM boost converter, in order to reduce the output current
ripple, a capacitor should be connected to the output terminal, as shown in Fig. 3.6.
This smoothing or filtering arrangement may be necessary for practical purposes but
bears no theoretical mandate as far as the current output of the CSM boost converter is
concerned. In fact, the average output current magnitude of the CSM boost converter

is unaffected.

The current ripple of the LED driver using a CSM boost converter connected with

an additional capacitor is given by

(Ve + L,R)(1 = D)T?

Ai,
8nR,LC,

(3.11)

Taking I, = 350 mA as an example, according to (3.9), (3.10) and (3.11), the current

ripples of the LEDs using different drivers are plotted in Fig. 3.7. Here, we see that
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Figure 3.7: Relationship between ripple and the capacitance value of VSM and CSM
boost converters
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Figure 3.8: Current control under VSM and CSM driving. (a) Variations of LED
current and voltage under VSM driving; (b) variations of LED current and voltage
under CSM driving.

the current ripple amplitude of the CSM boost converter is much larger than in the
other drivers. After inserting an extra capacitor at the output, the current ripple can
be reduced significantly. However, the size, weight and cost of the circuit will be

inevitably increased.

3.3.2 Range of Duty Cycle Variation

For the VSM converters, the input voltage is the constant voltage source. Based on
(3.1), we can derive the driver’s transfer characteristics for VSM buck and VSM boost
converters. Combining the converter’s transfer characteristic and the LED’s v-i char-
acteristic, we obtain an overall transfer characteristic as shown in Fig. 3.8(a). For the
CSM converters, however, the input current is constant. Based on (3.2) and the LED’s

v-i characteristic, we obtain the overall transfer characteristic as shown in Fig. 3.8(b).
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Table 3.2: Theoretical Duty Cycle Range (/, = 150-350 mA)

| VSM buck  CSM buck | VSM boost  CSM boost

Diax 0.656 0.700 0.238 0.667
Diin 0.552 0.300 0.094 0.286
Dypan 0.104 0.400 0.144 0.381

From Fig. 3.8(a), it is obvious that, for VSM driving, the output current can be
changed by adjusting the output voltage, which can be adjusted or controlled via the
duty cycle over a rather narrow range, making the control rather sensitive. (Here, we
do not discuss the case where the output voltage of the VSM converter is connected to
the LED load via a small resistor, where current adjustment is undesirably sensitive.)
For CSM driving, however, as shown in Fig. 3.8(b), the output current can be changed
by adjusting the duty cycle directly. Thus, the corresponding change in the duty cycle
is much greater, and the current control can be achieved with the duty cycle varying

over a wide range.

Suppose the range of duty cycle is the value of duty cycle from Dy, to Dy, 1.€.,

Dspan = Dax — Drin. (3.12)

Based on the simplified model of Fig. 2.3, the theoretical duty cycle ranges of
these converters are shown in Table 3.2. In general, CSM converters have a wider
range of duty cycle variation than VSM converters over the same range of current
variation. Thus, CSM converters are more desirable for applications requiring higher
output current resolution. In single-output applications, the advantage of the wide
range of duty cycle is not easy to recognize. However, in multiple-output applications,

the wide range of duty cycle will bring many benefits.
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3.3.3 Sensitivity
We define sensitivity as the absolute ratio of the variation of the steady-state output

current (Al,) to the corresponding variation of the steady-state duty cycle (AD). Thus,

sensitivity 1s a function of D and can be written as

1 Al
il ~' °1. (3.13)

dD|~ |AD

s =170 = |

Based on the simplified model of LED, and using (3.1), (3.2) and (2.1), the rela-

tionship between I, and D for VSM and CSM converters is

VDV
- L VSM buck converter
I’le Rd
I,,(1 — D) CSM buck converter
1, = (3.149)
0 Vi \%
—n I VSM boost converter
l’le(l - D) Rd
% CSM boost converter
According to (3.13) and (3.14), the expression of sensitivity can be given as
Vin
VSM buck converter
l’le
I, CSM buck converter
S = Vv (3.15)
— 2 VSM boost converter
nR,(1 — D)?
—n CSM boost converter
D2
The maximal/minimal value of the sensitivity is the worst/best value of S, i.e.,
AIO max
_ (Alo)min (316)
min — AD

where (Al,)max and (Al,)min are the maximal and minimal Al, corresponding to the

variation of duty cycle AD. In practice, a smaller § is more desirable because of
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Figure 3.9: Sensitivity S versus duty cycle D.

Table 3.3: Theoretical Sensitivity (I, = 150-350 mA)

| VSM buck  CSM buck | VSM boost  CSM boost

S max 1.92 0.50 1.65 1.22
S min 1.92 0.50 1.17 0.22

the smaller A/, caused by the same variation of D. Table 3.3 and Fig. 3.9 show the

variation in §. According to Fig. 3.9, CSM converters have lower sensitivity than

VSM converters for the whole range of duty cycle.

3.3.4 Nonlinearity

According to equation (3.14), we can plot the duty-cycle-to-output transfer characteris-
tic of the drivers, as shown in Fig. 3.10. In order to evaluate the linearity of the transfer

characteristic, we adopt a measure, known as nonlinearity N [91], which is defined as

A
N W 3.17)

where W is the root-mean-square of the transfer characteristic /, = f(D) in equation

(3.14), AW is the root-mean-square of the difference between the transfer characteristic
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Figure 3.10: Output current /, versus duty cycle D.

Table 3.4: Theoretical Nonlinearity (I, = 150-350 mA)

| VSM buck  CSM buck | VSM boost  CSM boost

%4 0.2583 0.2566 0.2528 0.2291
AW 0 0 0.0044 0.0303
N 0 0 0.0174 0.1323

of (3.14) and the line I, = f; (D) that connects the border points. Specifically we have

\/ [ ’1‘“‘“ fz(D)dD
\/ o f(D) fL<D>] dD

mx_ min

(3.18)

Theoretical values of nonlinearity N are calculated and given in Table 3.4, based on
the simplified model of LED shown in Fig. 2.3.

The nonlinearity can affect the stability of the control system. In general, a smaller
N is more desirable. According to Fig. 3.10 and Table 3.4, the VSM and CSM buck

converters have smaller values of N than the VSM and CSM boost converters.

3.3.5 Control Complexity

For VSM converters, we apply the conventional current-mode control which pro-
grammes the inductor current (peak or average) directly via a fast inner current loop.

The resulting variation of the duty cycle is, however, very small due to the output volt-
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Figure 3.11: Control for VSM and CSM driving, showing (a) the need for inner current
loop; (b) simple openloop control.

age being more or less fixed according to the LED’s v-i curve. For CSM converters,
if the load and input current do not change, the duty cycle can directly set the output
current in an openloop configuration, and in the case of varying load, the output cur-
rent can be regulated via a simple control that adjusts the duty cycle in a closed-loop
manner. However, the current-mode control in VSM converters requires current sens-
ing and a fast loop under the command of a current reference for achieving dimming
control. The openloop option in CSM converters may reduce complexity, whose va-
lidity is of course subject to the provision of an input current source. As mentioned
previously, in CSM converters, replacing the closed-loop control with an openloop
control can be achieved by virtue of the wide control range, sensitivity and nonlinear-
ity. Furthermore, the output current of a CSM converter can be directly controlled by
the duty cycle regardless of the difference in each LED’s rated voltage. Compared to
the conventional use of a VSM converter in delivering current (a de-dc converter under
current-mode control), the CSM converter requires a much simpler and direct control,
as shown in Fig. 3.11. In multiple-output LED driver applications, the openloop con-
trol strategy can greatly reduce the complexity and cost of the controller (as will be
explained later). Thus, we only need one closed-loop controller to construct the con-

stant current generator, and use several openloop controllers for the CSM LED drivers.
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A dimming reference can be produced by an analog dimmer circuit. For the VSM
buck converter, we can regulate the analog dimmer to regulate the reference signal,
thereby regulating the output current. For the CSM buck converter, we control the
analog dimmer to adjust the duty cycle in order to regulate the output current.

Remarks: It should be noted that despite the inherent features of CSM converters
that facilitate current driving, the need for a feeding current source will still require
a VSM converter for connection to an input voltage source. Thus, under the current
constraint of voltage source input, the advantages of CSM converters become apparent

in multiple-output applications.

3.4 Implementations of Multiple-Output CSM convert-

€rs

In power electronics, we usually derive design solutions from the point of view of
voltage terminations involving VSM converters. For LED driving, CSM converters
have relative advantages, as studied in the previous section. In some recent applica-
tions [92, 93], CSM driving has been discussed on the basis of some existing ballast
circuits which feed current directly and can be connected to the CSM converters dis-
cussed in this thesis. In cascade connection, we can in fact distribute power by control-
ling current in the downstream drivers although we customarily do so by controlling
voltage. When the specific loads are LEDs, we show that the use of current driving
in power distribution would not incur additional loss and cost, despite the need for an
additional voltage-to-current converter. Moreover, the practical merit of using CSM
converters for driving LEDs would become more apparent in applications requiring
separately dimmed multiple outputs. In the following, we illustrate the convenient use

of CSM converters in multiple-output applications.

The traditional voltage-based structure of a multiple-output converter is shown in
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Figure 3.12: Multiple-output converters. (a) Parallel structure with input being voltage
source; (b) series structure with input being current source; (c) series structure with
input being voltage source.

Fig. 3.12(a). In a dual fashion, the current-based structure of a multiple-output con-
verter is shown in Fig. 3.12(b). However, in practical situations, voltage source is the
common form. If CSM converters are to be used to improve controllability of indi-
vidual output currents, a current generator is needed. The general form of a multiple-
output driver is shown in Fig. 3.12(c), which consists of a current generator and a
number of series connected CSM converters delivering controllable currents to a set of

LED loads.

3.4.1 Control Strategy

The exact circuit configuration depends on the specific choice of the converter circuits.
The current generator consists of one switch, one diode and one inductor. A buck-type

converter is used for this purpose in this thesis. Fig. 3.13 shows the control diagram
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Figure 3.13: Typical control strategy.

of the multiple-output converters in Fig. 3.12(c) under CCM operation. The current
generator employs a standard PI controller to regulate the current that feeds the CSM
converters. Current i;; is the inductor current of the current generator. Signal d; is used
to drive switch §,. Moreover, as explained in Section 3.3.2, CSM converters have a
wide controllable range of current using direct duty cycle control, enabling a much
higher brightness resolution to be implemented. The signals, d,, to d,,, as shown in
Fig. 3.13 drive switches in the corresponding CSM converters.

It is useful at this point to compare a prior control strategy described in ref. [94],
which combines average current mode control and charge control. This design, how-
ever, necessitates the use of n — 1 current sensors (where n is the number of outputs)
to achieve independent dimming function. As shown in Fig. 3.13, our CSM multiple-
output converter only needs one current sensor to generate the constant current. The
individual outputs are controlled by the corresponding duty cycles. Independent dim-
ming functions can be achieved easily without using current sensors. Another differ-
ence is that the inductor current in ref. [94] is the sum of all output currents. Thus, the
inductor current will increase significantly as the number of outputs increases, whereas
the control strategy shown in Fig. 3.13 works well as long as the inductor current is
higher than the largest output current. The power level will automatically be adjusted
by varying the voltages at the inputs of the CSM converters.

The rapid change of the output voltage of the current source generator may present
a design challenge for the controller. In practice, however, the variation frequency

of this voltage is at the switching frequency range which is well above the crossover
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Figure 3.14: CSM SIMO converter

frequency of the feedback compensation circuits, as will be explained in Section 4.4.
Thus, despite the variation of the output voltage of the current source generator, as
reflected by the waveform of the inductor’s current, the control design remains simple
as long as the crossover frequency is set sufficiently low, for instance, at about 1/10 of

the switching frequency.

3.4.2 Single-Inductor Multiple-Output LED Driver

When buck-type CSM converters are used as the downstream CSM converters, as
shown in Fig. 3.14, the output smoothing inductor is unnecessary and can be removed,
as explained previously in Section 3.3.1, resulting in minimum number of inductors
used. This converter only uses one inductor achieving design simplicity, small volume
and low cost. In order to demonstrate the design advantages, we compare the CSM
SIMO converter under CCM operation with the SIMO converter previously studied
in [70, 78] under DCM operation, the SIMO converter studied in [80] under CCM
operation and the series-connected SIMO converter studied in [95].

In terms of control strategy, the CSM SIMO converter uses one closed-loop con-
troller and several simple openloop controllers based on the analysis in Section 3.4.1.
The whole control circuit is very simple. However, the SIMO converters studied in
[70,78] under DCM operation adopts time-multiplexing or pulse-train control method

which is a relatively complex method. The SIMO converter studied in [80] under CCM
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operation adopts a multivariable digital control method which is a more complex con-
trol method and could increase the cost and complexity of the controller. The SIMO
converter reported in [95] is essentially a combination of two boost converters shar-
ing an inductor, necessitating the use of multiple closed-loop controllers for achieving
independent dimming functions. In terms of the controller cost, our CSM SIMO con-
verter has the lowest cost while other converters need more expensive controllers to
achieve independent dimming. In terms of the main circuit cost, each of the SIMO
converters reported in [70, 78, 80] and in Fig. 3.14 has one inductor, n + 1 switches,
n + 1 diodes and n capacitors. The SIMO converter reported in [95] has one inductor,
n switches, n diodes and no capacitor. In terms of the current sensors, because each
individual output needs one current sensor, those converters reported in [70,78,80,95]
require n current sensors, one for each driver. The number of chip pins and the cost
of chip packaging normally increase with the increase of the number of LED strings.
However, the CSM SIMO converter requires only one current sensor for the front-end
current generator. This configuration is advantageous to circuit integration, and the
cost of chip packing can be decreased. In terms of mutual interference or cross regu-
lation of the outputs, the CSM SIMO converter and the converter reported in [70, 78]
under DCM operation do not present any issue on mutual interference of the outputs,
whereas the converter in [80] under CCM operation requires a complex digital con-
troller to minimize mutual interference. The converter studied in [95] is a combination
of two boost converters sharing one inductor. This shared inductor is a switching stor-
age, and hence this converter is essentially a VSM SIMO converter. The outputs are
coupled to the same inductor. Again, minimizing the mutual interference requires a
complex controller. A summary of the comparison between the various SIMO con-

verters is given in Table 3.5.
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Table 3.5: Comparison between The CSM SIMO Converter and Existing SIMO Con-

CHAPTER 3. VSM AND CSM LED DRIVERS

verters. Number of Outputs = n.

CSM SIMO | SIMO SIMO con- | SIMO con-
converter converter verter [80] | verter [95]
(Fig. 3.14) [70, 78] in | in CCM
DCM
Control strategy Openloop TM* or | Multivariable | Complicated
(simple) PT** digital con- | digital con-
control trol (hard) trol (hard)
(medium)
Controller cost Low Medium High High
Number of switches n+1 n+1 n+1 n
Number of diodes n+1 n+1 n+1 n
Number of capacitors | n n n 0
Number of inductors 1 1 1 1
Number of current | 1 n n n
Sensors
Cross regulation Excellent Excellent Good Good

*TM control is time-multiplexing control; **PT control is pulse-train control.

3.4.3 High-Voltage-Step-Down LED Driver

The first current generator stage is a VSM buck converter which steps down the volt-
age level. In addition, the capacitors, C,, to Cy,, serve as a voltage divider to divide
the voltage. The subsequent multiple CSM boost converters further step down the out-
put voltage. Thus, this converter is suitable for high-voltage-step-down voltage ratio

applications without using transformers.

Based on volt-second balance of the buck converter (current generator stage) and
amp-second balance of the CSM converters (LED drivers), the voltage ratio of the

CSM high-voltage-step-down converter is given by

Voh
+
Dy,

Von
D 2n

Voa = VinD1 Doy — D2a( ) (319)

According to equation (3.19), the input voltage V;, is primarily stepped down by

two duty cycle values, Dy and D,,, which is further reduced by subtracting a positive
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. Constant
Current generator i, ..., CSM converter i

Figure 3.15: High-voltage-step-down converter

value. When §; is OFF and D, is ON, the voltage stress of switch §; is always equal to
Vin. When §,, is OFF and D,, is ON, the voltage stress of switch S ,, is always equal

to V2, which can be expressed as

Pna
Vera = — (3.20)
ILl

where P,, is the power level of the corresponding channel and 7, is the steady-state

current of inductor L;.

Based on the analysis above, the voltage stress of switch S at the high-voltage
side is Vi, which is always a high voltage. The voltage stresses of switches §,, to
S, at the low-voltage side are V¢, to Vs, which are always low voltages. This
structure enables the use of low-voltage CSM boost cells and components. The voltage
stress V2, can be designed to a reasonable value according to the output power level
and the inductor current level. Compared with the converter studied in ref. [1], the
disadvantage of the converter presented in Fig. 3.15 is that the use of high-voltage
components in the current generator stage is mandatory. However, this sacrifice comes
with a few merits. First, the cost of the power circuit is reduced, and the control circuit
(openloop control) achieves design simplicity and low cost. Second, only one current
sensor is needed in multiple-output applications. Third, the voltage stress is fixed for
switches S, to §,,. The change of power level in one LED string or the change of the

number of outputs will not affect the voltage stresses in other CSM drivers. In order to
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Table 3.6: Comparison of The High-Voltage-Step-Down Converter (Fig. 3.15) and A
Prior Circuit [1]. Number of Outputs = n.

Converter in | Converter in [1]
Fig. 3.15

Control complexity Easy Hard

Controller cost Low High

Number of switches with | 1 0

high voltage stress

Number of switches with | n 4n

low voltage stress

Number of diodes n+1 0

Number of capacitors n n

Number of inductors n+1 n

Number of sensors 1 n

Voltage  stresses  of | Fixed Increased with the

switches decrease of n

demonstrate the design advantages, we compare the structure given in Fig. 3.15 with a

previously reported circuit [1], as summarized in Table 3.6.

3.5 Experimental Demonstrations

In this section, we compare the VSM and CSM converters experimentally for LED
driving applications, with the aim of verifying the analytical results presented earlier.
Parameters and components of our laboratory prototypes are given in Table 3.1.
Experimental waveforms showing the range of duty cycle are shown in Fig. 3.16,
including the measured maximal and minimum duty cycle, Dy.x and Dp;,. The mea-
sured results are consistent with theoretical results. The errors in VSM converters are
due to the device characteristic of the LED load, i.e., v-i characteristic, since the VSM
converter regulates the current indirectly through the LED’s v-i curve. However, the
CSM converter regulates the current directly via the duty cycle. From the measured
results, CSM converters control the output current with a wider range of duty cycle

compared to VSM converters. The results are given in Table 3.7.
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Figure 3.16: Practical range of duty cycle. (a) VSM buck converter 1, = 150-350 mA;
(b) CSM buck converter 1, = 150-350 mA; (¢c) VSM boost converter I, = 150-350
mA; (d) CSM boost converter I, = 150-350 mA.

Another point worth noting is that the current ripple in Fig. 3.16(b) is the ripple
of the CSM buck converter without the smoothing inductor. We see that the current

ripple has the same order of magnitude as the ripple in Fig. 3.16(a), thus validating the
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Table 3.7: Measured Duty Cycle (I, = 150-350 mA)

VSM buck CSM buck | VSM boost CSM boost
converter converter converter converter
Dinax 0.660 0.695 0.254 0.660
Dhjin 0.610 0.310 0.184 0.290
Dgpan 0.050 0.385 0.070 0.370
L i
B

M10.0ps A[ Ch3 S 50.0V
200mA Y

Figure 3.17: Current ripple of the CSM boost converter without an extra capacitor.

0.40 0.40
— = 0.35
< 035 VSM buck conv. g;
2 030 E 0.30 CSM boost conv.
s 5]
% 025 CSM buck conv: % 0.25
© ~
5020 2 0.20
£ S SM boost conv.
8 0.5 /T~ Sois

0.10 3 0.10 : i

0.30 0.35 0.40 0.45 0.50 0.55 0.60 0.65 0.70 0.10 020 0.30 040 050 0.60 0.70
Duty cycle D Duty cycle D
(a) (b)

Figure 3.18: Measured output current versus duty cycle. (a) VSM and CSM buck
converters; (b) VSM and CSM boost converters.

Table 3.8: Measured Parameters

VSM buck CSM buck | VSM boost CSM boost
converter converter converter converter

S max 6.25 0.53 4.17 1.06

S min 2.63 0.50 2.00 0.30

w 0.0125 0.0963 0.0175 0.0925

AW 0.0010 0.0004 0.0012 0.0096

N 0.0800 0.0042 0.0686 0.1038
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Figure 3.19: Comparison of efficiency. (a) VSM and CSM buck converters; (b) VSM
and CSM boost converters.
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Figure 3.20: Steady-state and transient response waveforms in the single-inductor two-
output converters. (a) Drive signals and i;;; (b) two output currents.

analysis presented in Section 3.3. The current ripple shown in Fig. 3.16(d) is the ripple
of the CSM boost converter with an extra capacitor. In some applications, the extra
capacitor is necessary to reduce the output current ripple. Without the extra capacitor,
the current ripple amplitude becomes significant, as shown in Fig. 3.17.

The measured output current versus the duty cycle is shown in Fig. 3.18, from
which we obtain the values of S and N, as tabulated in Table 3.8. From the measured
parameters, the CSM converters have smaller values of S than VSM converters. No-
table error in S can be found in VSM converters due to the device characteristic of
the LED load. The CSM buck converter has a smaller value of N than the VSM buck
converter. However, the CSM boost converter has a larger value of N than the VSM

boost converter.
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Figure 3.21: Transient response showing independence of outputs of the CSM SIMO
converter. (a) Transient response of a 100 mA step applied to one output; (b) 150 mA
to 250 mA; (c) 250 mA to 150 mA. In both cases, the other current output is unaffected.
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Figure 3.22: Steady-state waveforms in the CSM high-voltage-step-down converter.
(a) One string with 3 LEDs, the other string with 2 LEDs; (b) one string with 3 LEDs,
the other string with 4 LEDs.

The efficiencies, for comparison purposes, are plotted in Fig. 3.19. Compared with
the VSM buck converter, the CSM buck converter has a lower efficiency because the
MOSFET switch always carries the input current which is higher than the output cur-

rent. Compared with the VSM boost converter, the CSM boost converter has a higher
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efficiency.

We take the single-inductor two-output converter as an example for demonstration.
The experimental waveforms are shown in Fig. 3.20. There are two LED strings. Four
LEDs stacked in series form one string with an output current of 350 mA. Six LEDs
stacked in series form another string, with an output current of 150 mA. The three
switches are operated at the same frequency of 50 kHz. Fig. 3.20(a) presents the details
of the drive signals and current i;;. In one period, we identify four sub-intervals. In the
first sub-interval, S, S, and §,, are ON, and the inductor’s current ramps up. During
the second sub-interval, S; and S ,, are ON while S », is OFF, and the inductor’s current
continues to ramp up. During the third sub-interval, S, and S ,, are OFF while S, is
ON, and the inductor’s current ramps down. In the last sub-interval, S, S,, and S,
are OFF, and the inductor’s current continues to go down. Fig. 3.20(b) presents the
steady-state waveforms of the two output currents. Since the average current of iy is
constant, we need only to regulate the duty cycle of CSM buck converter to achieve
independent dimming function.

Fig. 3.21 presents the transient response waveforms when a 100 mA step current
is applied in 1,,. The output current /,, steps between 150 mA and 250 mA. The
waveform of the other output current, /,,, is shown in Fig. 3.21(a), and in detail in
Figs. 3.21(b) and 3.21(c). To change the output current i,, from 150 mA to 250 mA,
we need only to change the reference value of current i,,, and hence duty cycle d,,.
During the whole process, current i,, has remained unaffected. It is clearly shown that
the SIMO converter can achieve independent dimming function.

Fig. 3.22 shows the voltage stresses of switches in the CSM high-voltage-step-
down converter. There are two LED strings. The input voltage is 110 V which is the
high-side voltage. Current I is controlled to stay at 100 mA. In Fig. 3.22(a), three
LEDs stacked in series form one string with an output current of 160 mA, and two
LEDs stacked in series form another string with an output current of 160 mA. Ac-

cording to Fig. 3.22(a), the voltage stress of switch S is 110 V. The voltage stresses of



54 CHAPTER 3. VSM AND CSM LED DRIVERS

switches S, and S », are 15 V and 10 V, respectively, which are much lower than the in-
put voltage. The experimental results are in agreement with the analysis. Fig. 3.22(b)
shows the voltage stresses of switches in the high-voltage-step-down converter with
the only difference being that the number of LEDs in one string is changed from 2
to 4. The voltage stresses of switches §; and §,, remain unchanged, but the voltage
stress of switch S5, is 20 V which is the voltage of capacitor C,,. Comparison be-
tween the waveforms in Figs. 3.22(a) and 3.22(b) shows that the voltage stress only
depends on parameters of the corresponding channel with no influence of other LED
channels. This structure allows the use of low-voltage CSM cells. However, in [1], the
voltage stresses of switches increased with the decrease of the number of LED strings.

Experimental results are fully consistent with our analysis.

3.6 Summary

In this chapter, we examine the driving circuit requirement for LED loads. Our starting
point is the LED characteristic and basic circuit theory. We highlight the importance of
consideration of the termination type and the corresponding choice of converter type.
Specifically we introduce the mostly unknown current-source-mode converters which
can be derived via the application of duality principle and compare these converters
with the conventional and mostly known voltage-source-mode converters. We focus
on comparison of the key performance areas in relation to LED lighting applications.
Since current-source-mode drivers inherently contain no inductors, they can be conve-
niently used in constructing multiple-output driving converters employing a minimum
number of inductors. The single-inductor-multiple-output current-source-mode con-
verter performs better, with lowered cost, compared with the traditional configurations
based on voltage-source-mode converters. In high-voltage-step-down applications, the
current-source-mode converter offers fixed low voltage stress, and is well suited for

high-voltage-step-down applications. Finally, we emphasize that proper application of
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circuit concepts would form the basis of design of effective driving circuits for LED

applications.
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Chapter 4

Current-Source-Mode Single-Inductor

Multiple-Output LED Driver

4.1 Introduction

The previous chapter reviews the circuit duality principle and presents the comparison
between VSM converters and CSM converters. The CSM converters, being inher-
ently inductorless, are found to be highly suited for driving LEDs. In this chapter,
we introduce an inductorless CSM buck converter and a series structure of connecting
multiple CSM converters, as shown in Fig. 4.1(a). This converter and the connec-
tion configuration are effectively the dual versions of the usual dc-dc converter and
the parallel configuration shown in Fig. 2.9(a). One inductor is needed to construct
a constant current for feeding the CSM converters that drive the LEDs. It should be
noted that the CSM converters inherently contain no inductor, while performing the
intended power processing function. The CSM SIMO dc-dc converter derived from
Fig. 4.1(a) is presented in Fig. 4.1(b). This converter makes full use of the properties
of the CSM converter to achieve independent dimming function and guarantee good
cross-regulation performance, while significantly simplifying the control circuit.

Taking the CSM single-inductor dual-output (SIDO) converter as an example, in

57
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|
Current-source-mode

converter

Current-source-mode

converter

Figure 4.1: Alternative topologies. (a) Series-connected dc-dc converters; (b) CSM
SIMO dc-dc converter. Each CSM converter consists of a set of switching capacitor
arrangement S ¢, Dy and Cy, similar to the conventional switching inductor arrange-
ment in the dc-dc converter. Capacitor Cy; with appropriate value is a switching storage
(not a smoothing output capacitor) drawing current from L; and injecting current to the
output by action of switch S .

this chapter, we will describe the operation of the proposed CSM SIDO dc-dc con-
verter. The relationship between the input voltage and the two output voltages will be
investigated. The CSM SIDO dc-dc converter allows multiple voltage output levels.
The control strategy, the small-signal model and feedback configuration are presented
in detail. The independent dimming function and the principle of eliminating cross-
regulation effects are discussed. Both the high-frequency and the low-frequency PWM
dimming methods can be applied to the CSM SIDO dc-dc converter. Practical con-

figurations and experimental results of the CSM SIDO dc-dc converter are presented.

Finally, we conclude this chapter.

4.2 VSM Buck Converter and CSM Buck Converter

Duality is a well established circuit theoretic concept that enables circuits to be trans-
formed with invariant properties while interchanging current and voltage [19]. Apply-
ing duality transformation, the VSM buck converter shown in Fig. 3.1(a) becomes the
CSM buck converter, shown in Fig. 3.3(a). While the VSM buck converter is suppos-

edly fed by a voltage source, the CSM buck converter is fed by a current source [86].
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Table 4.1: Parameters of Test Circuits

VSM buck converter \ CSM buck converter

Vin 48 V —

Iy — 500 mA
T 20 us 20 us

L 2000 uH 2000 uH
C 10-100 uF 10-100 uF

The output voltage of the VSM buck converter is controllable via the duty cycle, and
the basic cell consists of a switch, a diode and an inductor which serves as a high-
frequency switching power storage. The output capacitor simply serves a filtering
function for voltage delivery. In the dual case, the CSM buck converter consists of a
switch, a diode and a switching storage capacitor. The output inductor serves a filtering
function delivering current to the load. The voltage gain of the VSM buck converter
and the current gain of the CSM buck converter are determined as equation (3.1) and
equation (3.2), respectively.

The practical LED is replaced by an ideal diode, a voltage source V and a resistor
in series, as shown in Fig. 2.3. Theoretical calculations can be performed based on
the simplified LED model. The circuit parameters of the VSM buck converter and the

CSM buck converter are listed in Table 4.1.

Fig. 3.4 shows the comparison of the voltage ripples in the VSM buck converter
and the CSM buck converter. If the inductor is removed from the CSM buck converter.
the output voltage ripple of the CSM buck converter is expectedly higher than that of
the VSM buck converter. However, with a larger capacitance value, the output voltage
ripple can be reduced significantly. Thus, the CSM buck converter can maintain a
low output ripple even in the absence of the output filtering inductor. The cost and
volume of the circuit can be lowered. This characteristic provides a basis for deriving

the SIMO converter.

For the VSM buck and CSM buck converters, the regulation range can be visualized



60 CHAPTER 4. CSM SIMO LED DRIVER

l.LEDA iLHI)“
Imax ]max C S M buCk

converter

~
~

min! min

4
V in Lmax LED Dmin D

max

=Y
Q¥

Y

min

DlTl'dX
VSM buck

v converter

Figure 4.2: Voltage, current and duty cycle ranges for VSM and CSM buck converter
driving LED.

in Fig. 4.2. Based on (3.1) and (3.2), we can plot the drivers’ transfer curves. The
VSM buck converter adjusts the duty cycle to change the output voltage, and hence to
change the output current. Because of this inherent v-i characteristic, the variation of
the duty cycle is small for a wide range of current. This makes direct control of output
current infeasible, and feedback control of output current is usually required. However,
in the CSM buck converter case, the duty cycle has an inherent wide varying range
corresponding to a range of output current. Direct (openloop) control of duty cycle
can be used for dimming control. As we will see later, the use of a series structure
can decouple all individual dimming controls for multiple-output driving applications,
resulting in almost perfect cross regulation performance. This property provides a basis

for the implementation of simplest yet effective control for multiple-output converter.

4.3 Single-Inductor Dual-Output DC-DC Converter Us-

ing Current-Source-Mode Converters

In this section, we will describe in detail the CSM single-inductor dual-output (SIDO)
converter for LED driving applications for illustration of the beneficial properties of-

fered by CSM configuration in multiple-output LED driving. The circuit is shown in
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Figure 4.3: Single-inductor dual-output configuration using CSM switching convert-
ers.

Fig. 4.3. Here, the current through L; is kept constant and is used to feed the two
CSM buck converters. From the analysis in Section 3.3.1, the inductor of the CSM
buck converter can be removed. This property is desirable for modular design. The
CSM buck modules can be connected in series to drive individual LED strings. Thus,
only one inductor is needed in this design, achieving fully independent dimming of

two LED strings.

4.3.1 Operation

The CSM SIDO dc-dc converter contains three switches, namely, S, S,,, and S .
Every switch may operate in either ON or OFF state. Thus, there are eight possible
operating modes. Denoting ON state by 1 and OFF state by 0, we represent the eight
possible modes as 111, 110, 101, 100, 011, 010, 001 and 000, as shown in Fig. 4.4.
Mode 1: §4, S, and S,;, are ON. In this mode, V;, charges up the inductor and i,
ramps up. The capacitors are discharged to the corresponding loads. Mode 2: S| and
S,. are ON while S, is OFF. If V;, > V,,, then (V;, — V,;,) charges up the inductor
and iy; ramps up. Otherwise, (Vi, — V,;,) discharges the inductor and i;; ramps down.
At the same time, capacitor C,, is discharged to the load. Mode 3: §; and S, are
ON while S5, is OFF. This mode is similar to Mode 2. If V;, > V,,, then (V;, — V,.)
charges up the inductor and i;; ramps up. If not, (Vi, — V,,) discharges the inductor

and i;; ramps down. Capacitor C,;, is discharged to the load. Mode 4: S is ON while
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Figure 4.4: Operating modes. (a) S, S2,, and S, are ON; (b) S and S ,, are ON and
S 18 OFF; (¢) S| and S5, are ON and S, is OFF; (d) §; is ON and S,, and S 5, are
OFF; (e) S is OFF and S ,, and S, are ON; (f) S| and S ,;, are OFF and S ,, is ON; (g)
S'; and S, are OFF and S, is ON; (h) S, S,,, and S 5, are OFF.

So. and S5, are OFF. If V;, > V,, + V,,, then (Vi, — V,, — V) charges up the inductor
and iy, ramps up. If Vi, < V,, + V,, then (Vi, — V,, — V,;,) discharges the inductor
and i;; ramps down. Mode 5: §; is OFF while S,, and §,, are ON. In this mode, the
inductor current is in a freewheeling mode. The capacitors continue to be discharged
to the corresponding loads. Mode 6: S, and S ,;, are OFF while §,, is ON. Voltage V,,
discharges the inductor and i;; ramps down. Capacitor C,, is discharged to the load.

Mode 7: S| and S ,, are OFF while S5, is ON. Voltage V,,, discharges the inductor and



4.3. CSM SIDO DC-DC CONVERTER 63

o o1
DT DT
» [ ./
o O
D, T wi
! ‘ !
O O
D, T D,T
» [ >t
iU ¢ iLl
(o) () (lor) ~ —
- ‘ Ny
VA W
. vi“ _vuu - vub H vin Vi“ — VOa _vo"‘ _ v°b
! S
“Voa ‘ “Voa

(a) (b) () (d)

Figure 4.5: Mode flow graphs and theoretical waveforms. (a) Flow graph 1; (b) flow
graph 2; (c) key waveform set 1; (d) key waveform set 2.

ir; ramps down. Capacitor C,, is discharged to the load. Mode 8: S, S, and S, are

OFF. Voltage (V,, + V,5) discharges the inductor and i;; ramps down.

A possible control scheme is to make the three switches operate at the same fre-
quency and employ an analog dimming method. The three switches turn on at the
same time. Due to the varying input voltage, output load and inductor current, the
voltage and current across the inductor could be different. A number of combinations
are possible. We will describe two cases in detail. In the first case, the mode flow
graph is shown in Fig. 4.5(a). There are four subintervals. Current i;; initially ramps
up, remains constant, and eventually ramps down at different rates, as shown in Fig.
4.5(c). In the second case, the mode flow graph is shown in Fig. 4.5(b). Again four
subintervals are identified. Current i, initially ramps up to the peak value at different
rates, and eventually ramps down to the initial value at different rates, as shown in Fig.
4.5(d). Like the parallel-connected VSM converters sharing the same input constant
voltage, the series-connected CSM converters share the same input constant current,

resulting in good performance on the cross-regulation effect.
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4.3.2 Mixed Voltage Conversion

Suppose 1;; is the steady-state inductor current, /,, and /,, are the steady-state output

currents. For the SIDO dc-dc converter, as the input power is equal to the output power,

we have

ViaDiIr1 = Voaloa + Voplop.

The input voltage is
_ V()alou + VobIob
DIy Dilp

Vin

Since V,;, = 0 is assumed, [, is also zero, and the input voltage is

VOLIIOLI
Vin =
D1y,
Thus, the duty cycle of switch S is
VOHIOH
D] =
VinILl
Since Dy < 1, equation (4.4) becomes
Voa ILI
< —.
Vin Ioa

4.1)

4.2)

4.3)

(4.4)

4.5)

Also, since I;; > 1,,, the output voltage can be higher or lower than the input voltage.

This property is desirable for many applications. For instance, in hand-held battery-

powered electronic devices [22], the use of this CSM SIDO dc-dc converter only needs

one battery, instead of more batteries in series, to achieve voltage step-down and step-

up functions of multiple outputs simultaneously.
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4.4 Control Design

As explained in the foregoing section, when the input is a voltage source, the parallel-
connected structure shown in Fig. 2.9(a) is the most effective multiple-output structure
to achieve independent dimming function and alleviate the cross-regulation effects be-
cause the parallel VSM converters are completely independent. In a dual fashion, the
series-connected structure shown in Fig. 4.1(a) is the most effective way to achieve in-
dependent dimming function and alleviate the cross-regulation effects when the input
is a current source. In LED driving applications, the use of CSM driving has inherent
advantages as explained earlier. However, in reality, a voltage source is the most com-
mon form of available power source. Thus, a converter feeding a constant current for
the CSM driving converters is needed. This configuration requires only one inductor

in total.

4.4.1 Control Strategy

First, a single closed-loop control is needed for the current source that feeds the multi-
ple CSM drivers. In this SIMO converter, each CSM driver needs one direct open-loop
control for independent dimming control, as illustrated in Section 3.3.5. Specifically,
direct duty cycle control in the CSM converter has wide control range and good sensi-
tivity. The constant current supply in this CSM SIMO dc-dc converter can ensure that
the output current is purely controlled by the corresponding duty cycle, thus ensuring
independent dimming function and superb cross-regulation performance. The entire
control circuit involves only one closed-loop controller and several open-loop con-
trollers, as shown in Fig. 3.13. The system implements a low-cost, stable, and simple

control strategy to achieve all needed functions with zero cross-regulation effect.
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4.4.2 Small-signal Model

The CSM SIDO dc-dc converter contains one inductor and two capacitors, resulting
in a third-order system. Thanks to the open-loop control of CSM drivers, the control
design is greatly simplified. For the CSM buck converter shown in Fig. 3.3(a), the ca-
pacitor voltage and output (inductor) current are the state variables. We may establish
the small-signal model of the CSM buck converter by applying state-space averaging

to the ON-time and the OFF-time state equations, which are given as

—R; 1 —Vr
" E(i L, fo +| Lo for ON time
a |l Ol ! (4.6)
dve |7 [ R 1 Vi |
dt —Ll L, fo +| Lo |+ (1) i;n for OFF time

vl 0 ve 0 C

where i;, is the input current to the CSM buck converter and L, is the output inductor of
the CSM buck converter included here for completeness sake, as defined in Fig. 3.3(a).

Upon application of averaging and small-signal linearization, we get

di, —Rs 1 0 0

diy ; ] )

dcétc - fti Lo U+l o || g |d 4.7)
a1 L VI C C

where i,, V¢, d and i, are the respective small-signal variables for the CSM buck
converter; and D denotes the steady-state duty cycle value. Moreover, to facilitate
calculation of the input impedance, we also define the input voltage of this CSM buck
converter as v which should not be confused with the input voltage Vi, of the entire

SIDO converter. The small-signal expression for v/ can be readily found as

= (1~-D)vc - Ved (4.8)
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Figure 4.7: The small-signal ac equivalent diagram.

where uppercase denotes steady-state values, as usual. It should be noted that for the
purpose of driving LEDs, the inductor of the CSM buck converter (L,) can be removed,
as explained earlier in Section 3.3.1. The input impedance of the CSM buck converter
in the s-domain can be found as

Vi®|  _(1-DPsL+Ry) _ (1-D)Ry
Tn() oo SLC+sR,C+1 — sRC+1°

Z(s) = (4.9)

The circuit in Fig. 4.3 can be simplified to the circuit shown in Fig. 4.6, where Z,,(s)
and Z,,(s) are the input impedances of the two CSM converters, and can be obtained

from equation (4.9).

Furthermore, assuming that the two output CSM drivers work under the same con-
dition, the control-to-output-current transfer function for the circuit of Fig. 4.6 can be

obtained as
I11(s) Vi

Gis) = —— = .
H D(s) lv: (s)=0 o+ (1 = D2,)*Ry N (1 = Dyp)*Ry
"1+ sRyCay 1+ sR,Coy

(4.10)
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Figure 4.8: Type Il compensation network.

4.4.3 Loop Gain Analysis and Compensation

The aim of the compensation network is to ensure good dynamic performance and
stability of the system. For the SIDO converter, the inductor current is controlled using
the small-signal block diagram shown in Fig. 4.7, where H(s) is the transfer function
of the current sampling, G.(s) is the transfer function of the current compensation
network, V,, is the peak-to-peak value of the ramp signal of the pulse-width modulator,
and G, 4(s) is the control-to-output-current transfer function given in (4.10). Also,
H(s) is equal to the sampling resistor R; and Gy, (s) is equal to 1/V,,. The loop gain

can be readily obtained as

T(s) = H(s) - Ge(5) - Gia(5)/Vin (4.11)

In this work, a Type II compensation network is employed, as shown in Fig. 4.8.

The transfer function of the compensation network is

G.(s) = =— 4.12
)= TR ( s) (+12)
s+ —
Wp
where
1 1

R (Cii+Cy)  RiCy’
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Figure 4.9: Frequency response of loop gain. Blue: openloop. Red: closed-loop.
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Ry Cy
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P Ry C11Cy1 Ry Cyy
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The transfer function has a DC gain K, an integrating pole, a zero at w,, and a pole at
Wp.

The circuit shown in Fig. 4.6 is a first-order circuit. The openloop frequency re-
sponse is shown in Fig. 4.9 as blue curves. The input voltage and the output impedance
are not always fixed, resulting in variation of the inductor current. The compensation
network in the closed-loop system is designed to achieve good dynamic performance
and a fixed inductor current. The closed-loop frequency response is shown in Fig. 4.9
as red curves. The crossover frequency f, is 3.1 kHz, and the phase margin is 63°. The

system has the desired crossover frequency and phase margin.

444 PWM Dimming

The PWM dimming method is a commonly used dimming method. For the CSM SIDO
dc-dc converter, the bus current i;; is kept constant. Switches S, and S ,, turn on and
off the LED string repeatedly to regulate the LED’s current, thereby regulating the
luminance.

We set the three switches at the same frequency of 50 kHz. The capacitance value
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Figure 4.10: Waveforms of high-frequency PWM dimming. All switches operate at
same high frequency.

is 10 nF for C,, and C,,. The average currents iy, ,, and iy,_,, are inversely pro-
portional to duty cycles d,, and d»;, respectively. The three switches are controlled
independently. The two output currents can be adjusted arbitrarily by controlling d,
and d,,. Taking this specific case shown in Fig. 4.10 as an example, current of output
a, denoted as i,,, is equal to zero when S ,, is ON, and is equal to i;; when S, is OFF.
A similar situation is observed for output . The theoretical waveforms of the high-
frequency PWM dimming method are shown in Fig. 4.10. The operating modes are
basically the same as in Fig. 4.4. The only difference is that when S, or S, is OFF,
the corresponding output current becomes zero.

In the specific application of cool-warm color-temperature mixing system, the ratio
of cool light to warm light determines the output light color. For this application, we
may operate switches S ,, and S ,;, at 400 Hz, and switch S| at 50 kHz. The capacitance
value is 220 uF for C,, and C,,. The bus current i;; is kept constant via application
of appropriate control circuit. Switch S,, and switch S, are always switched in com-
plementary fashion, i.e., one is ON while the other is OFF, and vice versa. Taking this
specific case shown in Fig. 4.11(a) as an example, current of output a, i.e., i,,, 1S Zero

when §,, is ON, and is equal to the average current of i;; when S ,, is OFF. A similar
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Figure 4.11: Low-frequency PWM dimming. (a) Key waveforms; (b) the color-
temperature regulation.

situation is observed in output 5. When S| is ON, the operation shuffles between the
mode shown in Fig. 4.4(b) and that in Fig. 4.4(c). In this case, when switch S, or S,
is ON, the corresponding output current becomes zero. Moreover, when § | is OFF, the
operation shuffles between the mode shown in Fig. 4.4(e) and that in Fig. 4.4(f), and
in this case, when switch S5, or §,, is ON, the corresponding output current becomes
zero. Fig. 4.11(b) shows the relationship between the color temperature and the duty
cycle dy,. The ratio of cool light to warm light can be regulated by controlling either

dga or dz},.

4.5 Experimental Results

In order to verify the feasibility of the CSM SIDO dc-dc converter, a laboratory proto-

type was constructed. The values of prototype’s components are shown in Table 4.2.

The measured waveforms for the two operating cases, corresponding to the two
switching sequences of Fig. 4.5, are shown in Fig. 4.12. For the operation correspond-

ing to the sequence shown in Fig. 4.12(a), Vi, is equal to 50 V. The load in output a
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Table 4.2: Parameters of CSM SIDO DC-DC Converter

Circuit Parameters Value

Rated input voltage 48V

Rated inductor current 500 mA

Main inductor L; 1000 uH
Capacitor Cy, 10 nF / 220 uF
Capacitor Cy, 10 nF / 220 uF
Output currents i,, and i,, | 0-350 mA
Switch frequency of S 50 kHz

Switch frequency of S, 50kHz /400 Hz
Switch frequency of S, 50 kHz / 400 Hz

Capacitor Cy; 4.7 nF
Capacitor Cy; 4.7 uF
Resistor R 2 kQ
Resistor Ry; 5 kQ

MOSFETs S, S», and S5, | IRFS40NPBF
Diodes Dl, Dza and D2b MUR1560

consists of a string of 2 white LEDs stacked in series, and the current flowing through
the LEDs is 350 mA. The load in output b consists of a string of 3 white LEDs stacked
in series, and the current flowing through the LEDs is 150 mA. One switching cycle
is divided into four subintervals. During the first subinterval, S, S,, and §S,; are ON,
and the inductor current ramps up. During the second subinterval, S ; is OFF while S,
and §,, are ON, and the circuit is in the freewheeling mode. In the third subinterval,
S and S5, are OFF while §,, is ON, and the inductor current ramps down. During the
last subinterval, S, S,, and S5, are OFF, and the inductor current continuously ramps

down.

For the operation corresponding to the sequence shown in Fig. 4.12(b), V;, is equal
to 32 V. The load in output a is composed of a string of 4 white LEDs stacked in
series, and the current flowing through the LEDs is 350 mA. The load in output b is
formed by a string of 6 white LEDs stacked in series, and the current flowing through
the LEDs is 150 mA. Again, one switching cycle has four subintervals. In the first

subinterval, S, S, and S, are ON, and the inductor current ramps up. In the second
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Figure 4.12: Experimental waveforms of two operating cases. (a) Case 1; (b) case 2,
corresponding to Fig. 4.5.
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Figure 4.13: Relationship between input and output voltages, showing simultaneous
step-up and step-down function. V;;, =24V, V,, =6.6 V,and V,, = 28 V.

subinterval, S| and S5, are ON while S,, is OFF, and the inductor current ramps up.
In the third subinterval, S and S ,, are OFF while S5, 1s ON, and the inductor current
ramps down. Finally in the last subinterval, S, S,, and S », are OFF, and the inductor
current continuously ramps down. The experimental results are in perfect agreement

with the analysis.

Fig. 4.13 shows the input and output voltages, illustrating the simultaneous step-up
and step-down functions. Here, V;, is equal to 24 V, V,,, is 6.6 V, and V,,;, is 28 V. The
load in output a consists of a string of 2 white LEDs stacked in series and the load
in output b consists of a string of 10 white LEDs stacked in series. The range of the
output voltage can thus be broadened with this configuration. In some applications,
e.g., hand-held battery-powered applicances, this CSM SIDO dc-dc converter requires

a single battery, instead of two batteries in series, to generate different voltage levels.
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Figure 4.14: Transient response showing independence of the two output currents or
cross regulation. (a) Transient response of a 100 mA step applied to one output; (b)
150 mA to 250 mA; (c) 250 mA to 150 mA. In both cases, the other current output is
unaffected.

Fig. 4.14 shows independent dimming and the transient response when a 100 mA
step current is applied to output a. The load in output a consists of a string of 5 white
LEDs stacked in series and the load in output b consists of a string of 5 white LEDs
stacked in series. The output current /,, steps between 150 mA and 250 mA. The
waveform of the other output current, /1,5, is shown in Fig. 4.14(a), and in detail in Figs.
4.14(b) and 4.14(c). It is clearly shown that when current /,, steps from the steady-
state value 150 mA to 250 mA, current I, is unaffected and maintained constant.
The independent dimming function is achieved with open-loop control in this CSM
SIMO dc-dc converter. Furthermore, the cross-regulation effect is almost completely
eliminated because of the constant current feeder. The decoupling performance of the

CSM SIDO dc-dc converter is verified.

The experimental waveform of high-frequency PWM dimming method is shown
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Figure 4.15: Experimental waveforms of high-frequency PWM dimming.

in Fig. 4.15. The load in output a consists of a string of 2 white LEDs stacked in series
and the load in output b consists of a string of 2 white LEDs stacked in series. The
value is 10 nF for C,, and C,;,. When S, is ON, current i,, is zero. When S ,, is OFF,
current i,, becomes 500 mA which is the value of i;;. We may control duty cycle d,,
to set the average current i,,_,, arbitrarily, thus performing dimming conveniently. A
likewise situation applies to the other output. For channel a, the average input current
of the CSM buck converter is 500 mA and the average output current is 350 mA. Thus,
duty cycle D,, is 0.30. For channel b, the average input current of the CSM buck
converter is 500 mA and the average output current is 150 mA. Thus, duty cycle D,, is
0.70. The experimental results verify that the high-frequency PWM dimming method
can be applied to the CSM SIDO dc-dc converter and the output currents can be set

independently with an open-loop control.

Figs. 4.16(a) and 4.16(b) show color-temperature dimming performance of the
CSM SIDO dc-dc converter using a low-frequency PWM dimming method. The load
in output a consists of a string of 2 white LEDs stacked in series and the load in output
b consists of a string of 2 white LEDs stacked in series. For switches S,, and S, the
switching frequency is 400 Hz. For switch § ;, the switching frequency is 50 kHz. The
value of C,, and C,, 1s 220 uF. Switches S, and S, are switched complementarily.
When S5, is ON and S, is OFF, current i,, assumes the value of i;; which is 500 mA.
Likewise, when S, is ON and S, is OFF, current i,, is 500 mA. For channel a, the

average input current of the CSM buck converter is 500 mA and the average output
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Figure 4.16: Experimental waveforms of low-frequency PWM dimming. (a) Color-
temperature dimming performance; (b) enlarged view.
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Figure 4.17: (a) Prototype and (b) measured efficiency of proposed CSM SIMO LED
driver.

current is 250 mA. Thus, duty cycle D,, is 0.50. For channel b, because switch S,
and switch §,;, are always switched in a complementary fashion, duty cycle D, is 0.50
and the average output current of channel b is 250 mA. Controlling either d,, or d,,

achieves the color temperature as desired.

Fig. 4.17(a) shows the prototype of the proposed CSM SIMO LED driver. Fig.
4.17(b) shows the measured efficiency, which is not optimized, within an input range

of 48V + 25%.
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4.6 Summary

The dual versions of the traditional buck, buck-boost and boost dc-dc converters, re-
ferred to as current-source-mode converters, convert a current to another current (or
voltage with special control) basically using high-frequency switching of a storage
capacitor. However, rarely have these CSM converters been seriously studied and de-
veloped for practical use. In view of the driving requirement and characteristics of
LEDs, the CSM converters are found to be highly suited for driving LEDs as well as
other current delivery functions. The input voltage source, however, necessitates the
use of a current generator stage for feeding the CSM converters. The inherent ab-
sence of inductors and ease of control for independent dimming make the design of
multiple-output converters much simpler, as demonstrated in this chapter. In addition,
the simultaneous voltage step-up and step-down functions for multiple-output applica-
tions present a very useful feature that simplifies input source requirement such as the
use of battery type in many portable devices. Both the PWM dimming method and the
analog dimming method are applied to the proposed converter. The design of the LED

driver has been verified experimentally.
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Chapter 5

Quasi-Two-Stage CSM SIMO LED

Driver with Improved Efficiency

5.1 Introduction

High brightness is the basic requirement in lighting systems. A direct way to en-
hance the brightness is to connect more LEDs in series. However, the disadvantage
is that failure of one LED will cause the whole LED string to fail. Also, with the
increase of the number of LEDs, the terminal voltage of the LED string may exceed
the safety limit. Furthermore, independent dimming function cannot be achieved for
the individual LED lights. Therefore, a multiple-output converter is a better solution
for independent regulation of the current flowing through each string. All the output
currents are generated from a single power source, as shown in Fig. 2.9(a). However,
this conventional structure has obvious disadvantages. The cost and size could increase
because we need to use several VSM converters and each contains an inductor. The
power density is inevitably reduced.

In order to increase power density, the SIMO converter has been proposed, as
shown in Fig. 2.9(a). When the conventional SIMO converter works under DCM,

the cross-regulation effect can be avoided [21, 96], but the power level is still lim-

79
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ited. When the conventional SIMO converter works under CCM, complex control
strategies [79, 80] are needed in order to eliminate the cross-regulation effect. Thus,
although this conventional SIMO converter has only one inductor, the concerns men-
tioned above remain legitimate.

In the previous chapter, we investigated CSM SIMO LED driver, as shown in
Fig. 4.1(b), in detail. A simple control strategy and the associated working princi-
ple have been illustrated. Here, it is worth noting that only one inductor is needed to
construct a current source for feeding the CSM buck converters which inherently con-
tain no inductor. The limiting factors of CSM SIMO LED driver, however, includes
the relatively low efficiency and the restricted number of outputs under low-frequency
PWM dimming control.

In this chapter, we propose a quasi-two-stage CSM SIMO LED driver with an
adaptive current bus for efficiency enhancement. The control strategy is simple, and
independent dimming function can be achieved easily. Also, the proposed structure
can achieve high-step-down ratio without using transformers. The voltage stress in
each constituent converter, unlike in the conventional configuration, depends only on

its input voltage and output voltage, with no mutual influence.

5.2 Operation of CSM SIMO Converter with Adaptive

Current Bus Technique

From the output terminal perspective, the output current is a controlled variable be-
cause LED’s current is proportional to the luminance of the LED over a considerably
wider range. From the input terminal perspective, a converter topology is normally
designed with either voltage or current as the input. Thus, only two configurations in
Fig. 1.1 are suited for driving LEDs. A VSM converter assumes a voltage source as

its input because the input terminal is connected to a switching inductor. Likewise, a
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Figure 5.1: Adaptive current input arrangement.

CSM converter assumes a current source as its input because the input terminal is con-
nected to a switching capacitor. When the load is an LED, in a VSM buck converter,
the range of the duty cycle is very narrow, and both the voltage transfer ratio and the
load characteristic can influence the process of regulating the output current. In a CSM
converter, However, the duty cycle can directly control the output current. The CSM
buck converter contains no inductor, has a better control-to-output sensitivity and re-
quires simpler control circuits when used for delivering regulated current, as studied
previously [86,97].

In this chapter, we propose an adaptive current bus technique for coordinating the
outputs of the CSM SIMO converter. Fig. 5.1 shows the conceptual arrangement of a
single-input three-output dc-dc converter, where the input current [, is always equal
to the largest output current. A buck converter is employed to construct this adaptive
current bus. We take the single-input three-output CSM converter as an example to
illustrate the operation, as shown in Fig. 5.2.

Suppose current /,, is the largest among the three output currents. The closed-loop
controller in the first stage will regulate the inductor current at /,,. Switch S ,, is always
OFF, and diode D,, is always ON, making /,,, = I;.

Mode 1: S, S, and S 5. are ON. In this mode, (V;, — V,,) charges up the inductor and
iz; ramps up. Capacitors Cy;, and C,, are discharged to the corresponding loads.

Mode 2: §; and S, are ON while §,. is OFF. Voltage (V;, — V,, — V,.) charges or
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Figure 5.2: Operating modes with S, being always OFF. (a) S, S, and S, are ON;
(b) S and S, are ON and S,. is OFF; (¢) §; and S,, are ON and S, is OFF; (d) S,
is ON and S5, and S, are OFF; (e) S is OFF and S, and S,. are ON; (f) S| and S,
are OFF and S 5, 1s ON; (g) S| and S, are OFF and S, is ON; (h) S, S 2, and S, are
OFF.

discharges the inductor, and i;; ramps up or down. Capacitor C5, is discharged to the
load.

Mode 3: S and S ,. are ON while S, is OFF. This mode is similar to Mode 2.
Mode 4: S is ON while S, and S, are OFF. Voltage (Vi, — V,, — V,» — V,.) charges
or discharges the inductor, and i;; ramps up or down.

Mode 5: §; is OFF while S, and S ,. are ON. In this mode, V,,, discharges the inductor
and iz; ramps down. Capacitors C,;, and C,, are discharged to the corresponding load.

Mode 6: S and S,. are OFF while S,, is ON. Voltage (V,, + V,.) discharges the
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inductor, and i;; ramps down. Capacitor Cy, is discharged to the load.
Mode 7: §; and S ,, are OFF while S,. is ON. This mode is similar to Mode 6.
Mode 8: S, S, and S,. are OFF. Voltage (V,, + V,, + V,.) discharges the inductor,

and i;; ramps down.

5.3 Properties of the CSM SIMO Converter with Adap-
tive Current Bus

In this section, we focus on the CSM SIMO converter described in Section 5.2, and
apply the adaptive current bus technique to achieve the required regulation function,

high-step-down ratio, high efficiency and independent dimming function.

5.3.1 Working Principle of Control Circuit

The control scheme is conceptually shown in the schematic diagram of Fig. 5.3. The
digital control compares the value of each reference current, and selects the highest out-
put current as the reference current of the controller in first stage. Once the reference
current is fixed, a closed-loop control is employed to control the first stage. The induc-
tor current and the reference current are connected to the inverting and non-inverting
ports of the error amplifier (EA), respectively. In this way, the inductor current is
always equal to the highest output current. The switch in the highest-output-current
converter will always be OFF, i.e., switch §,, in Fig. 5.2. The output of the EA and a
sawtooth waveform are compared to generate the driving signal. Thus, inductor cur-
rent /7, is always lower than the specified current limitation 7,,. The output of the
comparator in the protection circuit is always at a high level. Hence, the output of the
AND gate always follows the output signal of the PWM generator.

The second stage is open loop. The inductor current, which is also the input current

of each CSM buck converter, is equal to the largest output current. The duty cycle can
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Figure 5.3: Control block diagram.

be calculated by the digital controller based on (1.3), giving the desired output current
for each converter. Thus, each output voltage is lower than the specified voltage limit,
the output of the comparator, which is also the primary input to the OR gate, is always
at a low level. Hence, the output of the OR gate always follows the secondary input

which is also the computed result generated by digital controller.

The blue dashed boxes contain the protection circuit. As mentioned above, when
inductor current I;; is lower than the specified current limit, the feedback network
operates normally. However, in the event of a fault, inductor current I;; goes higher
than the specified current limit. The low level output of the comparator always sets
the output of the AND gate to a low level. Therefore, switch S, is OFF. The system
stops working. When the output voltage is lower than the specified voltage limit, the
feedback network works normally. However, when an LED string is open, the current
flowing through it is still controlled to be constant, causing the output capacitor voltage
to increase. When the capacitor voltage reaches the specified voltage limit, the output
of the comparator is always at a high level which sets the output of the OR gate to a high
level. The switch in the corresponding CSM buck converter is ON. Compared with the
traditional SIMO converter [70, 77, 78] (Fig. 2.9(b)) and the input-series-connected
converter [1], the advantage of the proposed converter is that when the switch is in the
ON state, the CSM buck converter is naturally protected. The corresponding converter

will be shorted and other converters continue to work normally.
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5.3.2 High Voltage Step-Down Ratio

The input-series-connected converter [1] can be applied to high voltage step-down ap-
plications. This circuit enables the use of low-profile components, permitting possible
circuit integration. The power density can be increased and the cost can be reduced.
However, there are some drawbacks of the input-series-connected converter. First, if
any one of the converters is shorted, the other converters have to share the input voltage
together. Thus, the drain-to-source breakdown voltage of switches should be higher in
order to allow a higher voltage stress level in the event of converter failure. Second, the
input-series-connected converter adopts a common duty cycle control approach. Al-
though this approach is simple, it cannot realize independent dimming function. Also,

the protection strategy is complicated which may increase the design complexity.

In the case of the proposed converter shown in Fig. 4.1(b), the switching frequen-
cies are independent. Independent dimming function can be achieved readily, offering
a great deal of flexibility in the dimming design. The CSM buck converter possesses a
natural protective function as mentioned in Section 5.3.1. Regarding the voltage stress,
referring to Fig. 4.1(b), when §; is OFF, D; will be ON. Thus, the voltage stress of
switch S|, namely V,; 1, is equal to V;,. The voltage stress of switch §; is dependent
on the input voltage only. The states of switches S, to S,, do not affect the voltage
stress of switch §;. Suppose output current /,, is the largest output current. Taking
switch § 5, as an example, when S5, is OFF and D, is ON, the voltage stress of switch
Sop, namely, Vy; 25, 1s equal to V,,. Other switches do not affect the voltage stress of
switch S ,;,. In the event of a CSM buck converter triggering a short-circuit protection,
the voltage stress of switch S, still maintains V,,. The same situation is observed in
other CSM buck converters. The voltage stress of switches S, to S,, is dependent
on the corresponding output voltage only. Thus, we may select switches simply based
on the rated input and output voltages. In high input voltage and low output voltage

situations, we can employ low-profile components to all CSM buck converters. For
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Figure 5.4: Theoretical voltage stress of each switch.

the proposed CSM SIMO converter, therefore, we need only one high-voltage-stress

switch, namely, S . The theoretical waveforms of switches are shown in Fig. 5.4.

5.3.3 High-Efficiency Quasi-Two-Stage Power Processing

In this section, we analyze the efficiency of the CSM SIMO converter in terms of
energy flow paths. Compared with the traditional SIMO converter, the CSM SIMO
converter has a lower efficiency for two main reasons. First, the number of power
processing stages is two. Specifically, energy is processed by a VSM buck converter
and a CSM buck converter before reaching the load. Thus, the CSM SIMO is a two-
stage converter. Second, the inductor current should be higher than each individual
output current, leading to an increased circulating current in the circuit.

According to the working principle of the control strategy, the inductor current is
equal to the largest output current. The switch in the highest-output-current string is
always OFF. The equivalent circuit of the CSM SIMO converter is shown in Fig. 5.5(a).
The red dotted box in Fig. 5.5(a) represents the input-to-load path that processes energy

in one stage. The blue dotted box in Fig. 5.5(a) represents input-to-load path that
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Figure 5.5: Energy-flow-path analysis. (a) Equivalent circuit of the CSM SIMO con-
verter; (b) energy flow path.

processes energy in two stages. The corresponding energy flow path is summarized
in Fig. 5.5(b). The blue lines correspond to power flown in the first power stage. The
red lines represent the power flown in the second power stage. When an adaptive
current bus is applied to the CSM SIMO converter, part of the total power is processed
by one stage and the rest by two stages. Thus, the converter is no longer a full two-
stage converter and can be regarded as a quasi-two-stage converter having an obvious
improvement in efficiency. Specifically, the input-to-load energy path for the converter
with the largest output current is processed by one stage.

The inductor current in the first stage is always larger than any of the output cur-
rents. This leads to an increased circulating current. However, with the proposed
adaptive current bus technique, the circulating current is minimal as the inductor cur-
rent is set to the same level of the largest output current and not higher, thus further
improving the efficiency of the CSM SIMO converter.

In the following, the efficiency of the CSM SIMO converter is analyzed. The power
loss mechanism in a switch is illustrated in Fig. 5.6. Here, I, is the current following
through the switch when the switch is ON, and V; is the drain-source voltage when

the switch is OFF. The on-state power loss P, can be calculated as

(s — 1)

Peon = IdzRon T

(5.1)
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where R,, is the equivalent resistance when the switch is ON, and 7 is the switching

cycle. The turn-on power loss P, can be obtained as

1 (t2 — 1o)
Py = =Vyl . 5.2
5 Vasla— (5.2)
The turn-off power loss P.g can be obtained as
1 (ts — 13)
Pog = =Vyl . 5.3
= 5 Vasla— (5.3)
Thus, the total power loss P, for a switch can be expressed as
Pioss = Peon + Pon + Pog. (54)

For a diode, the power loss mechanism is illustrated in Fig. 5.7. Here, Ir is the
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current following through the diode when the diode is ON, and Vi is the forward
voltage drop of the diode when the diode is ON. Also, Iy is the reverse valley current.
The parameter t,, is the reverse recovery time, and V, is the reverse voltage. The on-

state power loss Pp can be calculated as

1 (to + 11)
Pp = =V¢I . .
D 2VF F T (5 5)

The reverse recovery power loss P, depends on Vg, V,, Iy and 1., i.e.,
Prr = f(VF’ VO’ IVa trr)' (56)
Thus, the total power loss P, in a diode can be expressed as

Pioss = Pp + P 5.7

For switch S |, the drain-source voltage is always equal to Vj,. The inductor current
under the adaptive current bus control is equal to the largest output current, which
is always lower than the inductor current without the adaptive current bus [97]. As
current /7, is decreased, P,, and P,g are accordingly decreased based on equations

(5.2) and (5.3). The power loss P, in (5.1) can be expressed as

(1 — 1)
Pcon = Id2Ron s T 2 = IleRon_ =

(5.8)

where P is the input power. Thus, the power loss P, is also reduced. The total power

loss in switch §; 1s reduced according to (5.4).

For each switch in each of the CSM buck converters, the drain-source voltage is
always equal to the output voltage V. As the bus current I, is lowered, P,, and P

are accordingly reduced based on the same principle mentioned above. The power loss



90 CHAPTER 5. QUASI-TWO-STAGE CSM SIMO LED DRIVER

P, in (5.1) can be expressed as

I,
= I’ Ron (1 — I—k) = I Ron(I1 — Loy). (5.9)
L1

(s — 1)
Peon = IdzRon

Thus, the power loss P.,, for each of the switches in the CSM buck converters is
also reduced. The total power loss of switch in each CSM buck converter is reduced

according to equation (5.4).

For diode D, the forward voltage drop V is constant. The power loss P, can be

expressed as

1 (fo+1) 1 P
Pp = S Vil OT S 5 Vel =30 (5.10)

As the bus current [ is reduced, P, is accordingly reduced. Assuming that parameters
Iy and t,, are fixed, the reverse recovery power loss of diode D; remains the same. Thus,

the total power loss of diode D is reduced based on equation (5.7).

For diodes in the CSM buck converters, the forward voltage drop Vp is also con-

stant. The power loss Pp can be expressed as

1,
PD = VFILl—k = VFI()k. (511)
IL]

Although the bus current I is smaller, Pp remains the same based on equation (5.11).
Assuming that parameters Iy and . are fixed, the reverse recovery power loss of the
diodes in CSM buck converters remain constant when the inductor current changes.

Thus, the total power loss of diodes remains constant.

For the sampling resistor, the power loss is
Pien = I11*Reen (5.12)

where R, is the resistance of the sampling resistor. The power loss of the sampling

resistor is also reduced as current /;; decreases.
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In summary, the use of the adaptive current bus reduces the overall power loss of

the CSM SIMO converter.

5.3.4 Independent Dimming Function

As mentioned above, the inductor current is always equal to the largest output cur-
rent. Therefore, regulating the inductor current will automatically regulate the largest
output current. Other output currents can be regulated by controlling duty cycles of
the corresponding CSM buck converters. The independent dimming function can be
easily achieved. Since each output current can be regulated independently, any output
current could be the largest current. A maximum current detection circuit can be used
to identify the largest current output and set it as the new reference for the inductor
current. The CSM SIMO converter works in the same way with a new inductor current

value.

While the above dimming method works well under analog dimming, a situation
might arise that deserves special attention if low-frequency PWM dimming was used.
Taking the single-output LED driver of Fig. 5.8(a) as an example, although the two
switches are independent, switch S, cannot work at a switching frequency lower than
the switching frequency of ;. If switch §; works at a high switching frequency and
switch S, works at a low switching frequency, the ON time of S, is much longer than
that of §;. During the ON state of switch §,, switch §; periodically turns on and off,
causing the inductor current to move up, as illustrated in Fig. 5.8(b). As shown in the
blue circle, when S, is ON, the inductor current goes up and stays constant in one duty
cycle of switch §. There is no discharging process for the inductor. Thus, the inductor
current will ramp up continuously, causing damage to the circuit.

Our proposed solution is as follows. We operate switch S, at a high switching
frequency and switches S,,, S, and S, at a low switching frequency, as shown in

Fig. 5.9. Suppose 1, is the largest output current. Then, switch S,, is always OFF.



92 CHAPTER 5. QUASI-TWO-STAGE CSM SIMO LED DRIVER

Figure 5.8: An undesirable situation under low-frequency PWM dimming. (a) CSM
single-output LED driver; (b) theoretical waveforms.

The inductor current now directly powers the LED string having the highest current.
As shown in the red circle in Fig. 5.9, when switches S, and S, are in the ON state
simultaneously, there will be no short circuit phenomenon since the LED string having
the largest current is always being powered. This largest output current can be reg-
ulated arbitrarily by regulating the inductor current, while other output currents can
be regulated via adjusting their corresponding duty cycles. The independent dimming

function can thus be achieved readily.

5.4 Experimental Demonstration

A CSM SIMO converter with the aforedescribed adaptive current bus has been con-
structed and tested. The values of components used are shown in Table 5.1.

Fig. 5.10 shows the steady-state waveforms of the CSM SIMO converter. Here, 1,
is the highest output current which is equal to 350 mA. Thus, the inductor current is
controlled at 350 mA via feedback control of switch §;. Switch §,, is always OFF.
Other output currents can be regulated freely by changing other duty cycles in the
individual CSM buck converters. The inductor current and the driving signal of switch

S are shown in Fig. 5.10(a). The driving signals of switches S,,, S, and S, are
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Figure 5.9: Theoretical waveforms of CSM SIMO LED driver with adaptive current
bus under low-frequency PWM dimming.

shown in Fig. 5.10(b). The experimental results verify the working principle of the

adaptive current bus technique.

The measured voltage stresses of the switches are shown in Fig. 5.11. In this
case, 1,4, 1,, and I,. are equal to 350 mA, 150 mA and 250 mA, respectively. When
switch §; is OFF, the drain-source voltage of switch S is equal to 48 V, which is
the input voltage Vi,. Since I,, is the maximum current, switch §,, is always OFF.
The drain-source voltage of switch S,, is always equal to V,,. The measured voltage
stress is about 6.6 V. For switches S ,, and § ,., the measured voltage stresses are about
5.5 V and 6 V, respectively. The measured values are in perfect agreement with the
theoretical values. In this paper, the input voltage is 48 V, and the output voltages are
5.5V,6V and 6.6 V. The voltage stress in each CSM buck converter is influenced only

by the corresponding output voltage. No mutual interactions are observed, which is
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Table 5.1: Parameters of CSM SIDO Converter

Circuit Parameters Value

Rated input voltage 48V

Rated inductor current 350 mA

Main inductor L, 2000 uH
Capacitors Cy, to Cy, 10 nF / 220 uF
Output currents /,, to 1, 0-350 mA
Number of LEDs in one string | 2

Number of LED string 3

Switch frequency of S 50 kHz

Switch frequency of S, to S,, | 50 kHz /1 kHz
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Figure 5.10: Steady state waveforms. (a) Inductor current (highest output current); (b)
other driving signals.

desirable for component selection. From the experimental results, apart from the high-
rating switch used for S, other switches in the CSM buck converters may employ
low-rating devices, reducing the cost of the system.

Experimental waveforms showing the transient response are presented in Fig. 5.12.
Initially, Z,,, 1,5, and I, are set at 150 mA, 250 mA and 350 mA, respectively. The
largest output current is thus /,.. The inductor current is equal to /,., and switch S, is
always OFF. The inductor current in this paper is smaller than in the case without the
adaptive current bus [97]. Also, I,, and I,, are set via adjusting d», and d»;, respec-
tively. When /. steps from 350 mA to 150 mA, /,, takes over as the largest output
current. The inductor current becomes 1,,, and switch S, is always OFF. Then, /,,

and [,. are set by adjusting d,, and d,., respectively. The driving signals, the inductor
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Figure 5.11: Measured voltage stresses of switches.

current and the the transient response are presented in Fig. 5.12(a). When [, steps
from 150 mA back to 350 mA, I,. resumes as the largest output current. The process is
shown in Fig. 5.12(b). The details of the transient response shown in Figs. 5.12(a) and
5.12(b) are given in Figs. 5.12(c) and 5.12(d), respectively. The experimental results

are consistent with the theoretical analysis.

Fig. 5.13 shows the low-frequency independent dimming function. Here, I, is the
largest output current which is equal to the inductor current, as shown in Fig. 5.13(a).
The frequency is 1000 Hz for switches S », and S ., and is 50 kHz for switch S ;. When
switches S,, and S, are in the ON state simultaneously, there is no short circuit phe-
nomenon because the LEDs in converter A is always connected to the circuit. In an
earlier work [97], low-frequency PWM dimming method can only be applied to two-
output dc-dc converters, and the independent dimming function cannot be achieved
because of the use of master-slave control strategy. In this paper, however, such restric-
tion is lifted by the application of adaptive current bus technique. The low-frequency
PWM dimming method can be extended to three or more outputs in CSM SIMO con-

verter. Each output can achieve dimming independently.

The measured efficiency is shown in Fig. 5.14. The red and blue curves represent
the efficiency of the CSM SIMO converter with and without [97] adaptive current bus,
respectively. It is clearly shown that the adaptive current bus technique can improve

the efficiency of the CSM SIMO converter significantly.
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Figure 5.12: Transient response with adaptive current bus applied to CSM SIMO con-
verter. (a) Largest current changes from 350 mA to 250 mA; (b) from 250 mA to 350
mA; (c) transient response corresponding to (a); and (d) transient response correspond-
ing to (b).

5.5 Summary

In this chapter, we address the practical restrictions of CSM SIMO LED driver. Specif-
ically, novel approaches to improving low efficiency and permitting independent dim-
ming function under low-frequency PWM dimming are studied. We apply the adaptive
current bus technique here to reduce the power loss in energy flow paths and hence im-
prove the efficiency. By analyzing the voltage stress of each switch in the CSM SIMO
converter, we conclude that the voltage stress of each switch is only dependent on the
input voltage or output voltage, and not affected by interactions between different con-
verters. Based on the above analysis, the CSM SIMO dc-dc converter with adaptive

current bus fits well with driving LEDs.



5.5. SUMMARY 97

1,(1,) B _Jwmn  ewes | n
1350 mA w m

=

Figure 5.13: Low-frequency independent dimming function. (a) The largest output
current; (b) other output currents.

0.92 y
CSM SIMO dc-dc converter
with adaptive current bus
og0f R
o88f e e
CSM SIMO de-de

converter

Efficiency
(=)
oo
(o)

o
0
=

0.82

0.80
40 44 48 52 56 60
Input voltage V;,/(V)
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Chapter 6

Conclusions and Suggestions for

Future Work

In this chapter, we re-iterate the main contributions of the thesis and discuss some

potential topics for future research.

6.1 Main Contributions of the Thesis

Solid-state loads have become increasingly popular in residential, commercial and
business environment, e.g., LED lighting systems. According to the statistics, about
19% of global electricity is consumed by lighting. The LED has become a promis-
ing new generation light source because of the advantages of environmental safety,
long life expectancy and high efficiency. Replacing traditional lightings by LEDs has
become a global trend. The specific v-i characteristics of LEDs have created new
challenges in power management system design, especially in the design of power
conversion systems which have traditionally been dominated by input voltage sources
and resistive loads.

In this thesis, CSM converters have been investigated for driving LEDs. The com-

parison of VSM and CSM converters, the derivation of CSM SIMO LED driver and

99
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the efficiency enhancement of the proposed converter have been studied in Chapters 3,
4 and 5, respectively. CSM drivers are less known but are theoretically more versatile
compared to their conventional VSM counterparts. Specifically, the contributions of
the thesis are stated as follows.

Chapter 3 examines the driving circuit requirement for LED loads. The starting
point is the LED characteristic, and the problem-solving method is basis on basic cir-
cuit theory. We investigate VSM and CSM drivers in terms of the main circuit com-
ponents, the range of duty cycle variation, the sensitivity of the output current to the
change of duty cycle, the nonlinearity of the control function and the control complex-
ity. The comparison of the key performance areas in relation to LED lighting applica-
tions indicates the importance of consideration of the termination type and the corre-
sponding choice of converter type. Since CSM drivers inherently contain no inductors,
they can be conveniently used in constructing multiple-output driving converters em-
ploying a minimum number of inductors. The CSM SIMO converter performs better
with less cost compared with existing SIMO converters. In high-voltage-step-down
applications, the CSM converter offers fixed low voltage stress, and is well suited for
high-voltage-step-down applications. Finally, we emphasize that proper application of
circuit concepts would form the basis of design of effective driving circuits for LED
applications.

Chapter 4 derives the CSM SIMO LED driver specifically based on the CSM buck
converter which converts a current to another current basically using high-frequency
switching of a storage capacitor. However, the input source, which is normally voltage
source, necessitates the use of a current generator stage for feeding the CSM convert-
ers. The inherent absence of inductors makes the design of multiple-output converters
much simpler, as demonstrated in this chapter. The series-connected structure can
achieve independent dimming function with simple open loop control, and the cross-
regulation effect can be reduced. The single-inductor multiple-output converter can

be constructed easily. The proposed CSM SIMO converter has better performance
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than the conventional SIMO converter. The simultaneous voltage step-up and step-
down functions for multiple-output applications present a very useful feature. Both the
PWM dimming method and the analog dimming method are applied to the proposed
converter.

Chapter 5 mainly focuses on the practical restrictions of CSM SIMO LED driver.
The efficiency of CSM SIMO LED driver is lower than conventional VSM-based
SIMO converter, the reason being that the VSM-based SIMO converter is a one-stage
design whereas the CSM SIMO converter has two stages of power processing, in-
cluding a VSM buck converter and a CSM buck converter. Based on the analysis,
we apply the adaptive current bus technique to reduce the power loss in energy flow
paths and hence improve the efficiency. The combination of the adaptive current bus
technique and the proposed converter permits independent dimming function under
low-frequency PWM dimming. By analyzing the voltage stress of each switch in the
CSM SIMO converter, we conclude that the voltage stress of each switch is only de-
pendent on the input voltage or output voltage, and not affected by interactions between

different converters.

6.2 Suggestions for Future Work

Based on the previous works and experiences gathered in recent related works, and
the work done in this project, suggestions for extensions and potential areas for further
studies are proposed here.

In Chapter 3, in order to compare VSM converters and CSM converters, we have
used a VSM buck converter to construct a constant current source. However, it should
be noted that other converters can also serve as a current generator. Other forms of
current generator can offer different desirable features, further simplifying the control
strategy. In this thesis, we mainly focus on the CSM converters from the output ter-

minal perspective. However, renewable energy sources have been extensively used in
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modern microgrid power distribution systems. The usage of renewable energy sources
has created new challenges in the design of power conversion systems which have
traditionally been interfacing voltage sources as input. From the input terminal per-
spective, there are many issues worthy to be studied and considered.

In Chapter 4, based on the CSM buck converter and duality principle, a CSM SIMO
LED driver has been proposed and studied. However, all the analysis is based on the
use of a DC input. The CSM converter can also be designed to be power factor cor-
rection (PFC) regulator. For traditional PFC regulators, due to the power difference
between the input and output terminations, electrolytic capacitors are usually adopted
for reducing the double line frequency ripple. In a dual version, inductors are usually
adopted for reducing double line frequency ripple for CSM PFC regulators. An induc-
tor is a bulky component. Thus, reducing the double line frequency ripple is the most
critical issue.

In Chapter 5, an adaptive current bus technique has been applied to a CSM SIMO
LED driver for improving the efficiency. This control method can also be applied to
the CSM high-voltage-step-down converter. A detailed analysis can be included in
the CSM high-voltage-step-down converter with the adaptive current bus technique.
A comprehensive comparison can be further developed in terms of the efficiency, the
voltage transfer ratio and the voltage stress. In this thesis, we have selected the maxi-
mum output current as the reference current. In the future, we can also try to use the

minimal output current as the reference current.
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