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High-brightness light-emitting diodes (HB LEDs) provide madvantages over other
existing electric light sources, including high efficacy, ldifgtime and small form factor.
However, the overall lifetime of off-line LED applications isniied by the low-quality
electrolytic capacitors utilized for energy storage. In orideuse long-life capacitors while
limiting cost increase, the required energy-storage capaeitshould be reduced, which can be
achieved with several techniques addressed in this thesis. Thantangut current approach
can achieve a power factor (PF) of 0.9, which meets ENERGYRSH&guirements, while
reducing required energy storage by one-third compared to unity-§& @éhen ripple is
allowed on the LED current, the trapezoidal LED current approacimmes energy storage
with small control effort. A second stage can significandguce required capacitance by
allowing large voltage variation on the capacitor, while bidirectigteucture helps limit
additional power loss. The small form factor of LEDs offers ifigity for diverse and
sophisticated design. In order to take this advantage, LED drivers dhmegda small size or
thickness. Series-input structure provides a possibility to apply lotagelcomponents in high-
voltage circuits, while the common duty cycle approach achieves autonmatic/oltage sharing
and LED current copying, which can significantly simplify systdesign. With reduced rated
voltage, integration of semiconductor devices becomes much easieoraretters are able to
operate at high switching frequencies with small components,dbattnich lead to high-level
monolithic integration. All of the principles and control approachesvarified in experiments,

with the results provided in this thesis.
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CHAPTER |

INTRODUCTION

Light-generating equipments play a very important role in humaes.| From large
outdoor display panels, to general lighting products like streéting back lighting for
monitors, or even the small power-on indicators, lighting applicationstrpealmost every
corner of the modern world. The broad utilization of lighting produoets be reflected by its
electricity consumption as well. For instance, more than 20% ofothaé electricity usage in
United States is consumed by lighting [1, 2]. Due to their mdramportance, lighting products
are expected not only to generate high-quality luminance outputdmtabe power efficient
and cost effective.

With continuous technological improvement and innovations, the efficiehelectrical
lighting applications has improved significantly. The first magontributor to this efficiency
improvement is the advancement of light sources, or light-emittiaiggrials, and the second is
the development of power electronic technologies that are necessarizéothiéke light sources.
The efficiency of light sources can be indexed by efficadyich represents how much light is
developed per unit power consumed by the devices, with the unit of LumeghsiWe common
electric light sources can be divided into several categaniesding incandescent, fluorescent,
high intensity discharge (HID), and solid state, as shown in Fig.ricdndlescent lamps, which

have been in use for a long time, generate light through blackbo@dyioadiAs a large portion
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Figure 1.1: (a) Incandescent lamp, (b) fluorescent lamp, (c) HID lamp, and@ (diEB devices.

of energy is transferred to heat, the efficacy of incandesgelits is only about 10-18
Lumens/Watt. Fluorescent lamps provide much higher efficacy, inrdnge of 70-90

Lumens/Watt, and have replaced incandescent lamps in many app8catoncerns with

fluorescent lamps include their fragile tubes and their mg#gcased materials, which are not
environmentally friendly. The efficacy of HID lamps is even higtiean fluorescent lamps.
Similar to fluorescent lamps, some HID lamps lead to conceboositasafe disposal. Both
fluorescent lamps and HID lamps require ballasts to startvaidtain their operation. Solid-
state light (SSL) source normally refers to light-emittdigde (LED). For many years, LEDs
were utilized majorly in applications requiring small light outmutch as signal indicators. With

recent advancement in materials and manufacturing procesdrigbginess LEDs are attracting
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more and more interest from both academia and industry, as they pgreatepotential for

future lighting applications.

Compared to incandescent or discharge lamps, LEDs produce luminance ougput on
fundamentally different principle. They are semiconductors that coreledtrical energy
directly into luminous output. The “cold” generation of light by LEBads to high efficacy
because most of the energy radiates in the visible spectruenpiEsent commercial high-
efficiency LED lamps provide efficacy of 60~100 Lumens/Watt,levithe technology is still
under development. In addition to high efficacy, LED devices deefeathe environment, and
their compact size provides more flexibility for applicationsother great advantage of LEDs is
the very long lifetime (more than 50,000 hours expected), which canylaegklce the cost for
maintenance.

Drive electronics are necessary to utilize LEDs. As LEDs normally low-voltage dc
devices, high-voltage ac power from the grid has to be converted Buitable for LEDs.
Meanwhile, drive electronics also provide power regulation and pratetdithe LED devices.
In addition to these basic functionalities, special designs of dlearenics are necessary to
make full use of the advantages of LEDs.

Compared to other electric light sources, LEDs offer much rfiexéility in lighting
system design, majorly due to their small form factor. Sihedight output of a single LED is
limited, normally a number of LEDs are included in a systerorder to generate sufficient
luminance. These small LEDs may be distributed in almost amy, fathich may leads to
improvement of overall systems. For instance, although some prdserrbducts are designed
with the shape of bulb or tube in order to fit the existing retrafitich are shown in Fig. 1.2,

strip or plate configurations are more suitable for LED apjptinat The resulted small thickness



Figure 1.2: Typical configurations of LEED(a) incandescent lamp replacement, (b) fluore
lamp replacement, (c) LED strip, and (d) LED plate.

offers more flexibility for usage, and can even be integritdalilding fixtures. Meanwhile, the
distributive configurations improve thermal dissipation, which is klof achieve high efficacy.
In order to take advantage of the small form factor of LED deytbesdrive electronics
should have small sizes or thickness as well. One approacirediuoe voltage stress on the
devices in LED drivers. With lower rated voltage, the integratbrsemiconductor devices
becomes much easier and lower in cost, and the drive cirantepmerate at higher frequency
and with low-profile components. All these benefits lead to high-lenanolithic integration,

which matches well with the small package of LED devices.
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Another research focus is to make full use of the long lifeafrieED devices. Although

LED devices can last a very long time, drive electroniasnofdil much earlier, primarily due to
short-life electrolytic capacitors. For off-line applicationsanstards like ENERGY STAR
program place requirements of high power factors [3], which leatde double-line-frequency
ripples on input power. In order to filter these power ripples, bulkrelgtic capacitors are
normally utilized with the advantage of high power density at low ¢t®mwvever, the lifetime of
low-quality electrolytic capacitors is normally much shortemth&D lifetime, which can be
even worse due to high operating temperature. The combination @fuiahty capacitor, large
power ripple and high temperature often leads to early failueéeofrolytic capacitors, and thus
the failure of LED lamps. As a result, energy storage appreaoktiger than low-quality
electrolytic capacitor should be developed in order to achieve long lifetichecanpetitive cost.

Cost reduction is another important target for LED system desigpre&ent, one major
obstacle for LED utilization is the high initial cost, whicheds to be addressed to encourage the
adoption of LED techniques. The projected cost for LED lighting is dbtairs per kilo lumen
($/klm) of light output by 2015, as planned by the Department of Endigy\ith a share of
about 20% of the total budget, the cost for drive electronics is edparte approximately 0.1
dollar per Walt ($/W) of power output, which places a significant challengdrifaer design.

This thesis focuses on the techniques to improve the performant&fdrive
electronics, including the lowering of voltage stress for heyell integration and the reduction
of energy-storage capacitance to extend overall lifetime. Aewewaf LED characteristics and
existing drive electronics are provided in Chapter Il, with th&tivations for the research
presented in this thesis. Chapter Ill introduces the series-inpdular structure to reduce

voltage stress on devices, and the common duty cycle approach teeaahtematic input
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voltage distribution and output current copying. The techniques to rechergyestorage

capacitance are presented in Chapter 1V, including the constant imparitcapproach to achieve
sufficient PF while reducing input power ripple, and a bidirectielond stage to reduce
required capacitance with relatively small power loss. The aplpesato combine series-input
structure and reduction of energy-storage capacitance are preserChapter V. Chapter VI

summarizes the contributions and concludes this thesis.



CHAPTER Il

POWER ELECTRONICS IN LED LIGHTING

This chapter provides an overview of the concepts related to pdeatronics in LED
lighting. The basic electric characteristics of light-éimit diodes (LEDs) are summarized in
Section 2.1, followed by the introduction of switching power converters iriicGe@.2.
Section 2.3 summarizes some popular power electronics techniquesd appfeesent LED
lighting applications, with the emphasis on power factor corredf®C). The motivations
driving the research in this thesis are presented in Section 2&, Sdttion 2.5 summarizes

some related efforts reported recently.

2.1 LEDs

Light-emitting diodes (LEDs) are predicted to be the dominatiagtét light source in
the future. Compared with other light sources, LEDs provide severahtdes, which are still
improving. One of the most important advantages is the high effiedugh is very useful for
energy savings. In addition, unlike fluorescent lamps or high intessbalge (HID) lamps,
LEDs are environmentally safe. Another main advantage of LEf®eivery long lifetime. The
commercial high-brightness white LEDs are expected to hdifetiane over 50,000 hours for

the output to degrade to the 70% lumen maintenance level, which allowestimaor 10 years
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Figure 2.1: (a) Symbol and (b) electric model for an LED device.

operation, assuming 8 hours operation per day. Furthermore, LEDs piitexdslity for
utilization compared with fluorescent and HID lamps, and theirldiorah factor is very useful
for applications with limited size.

Similar to ordinary diodes, LEDs are based on p-n junctions, whidudtevith “p” and
“n” materials. When sufficient voltage is placed on a p-n junctiom hibles in “p” material and
the electrons in “n” material combine, releasing energy iridima of light. As the combination
rate is proportional to current density, LEDs are considered éctidriven” devices, whose
brightness depends largely on current. In order to operate an LiBEsaold voltage has to be
reached. Around the nominal operation condition, the dynamic resisibaoeLED is typically
small. The common symbol and electric model for an LED are showiigin2.1, with the
voltage source representing the threshold voltagén series with the dynamic resistarRep
of LED. As the variation on an LED current is much larger thandhatoltage, drive circuits
normally regulate LED current rather than voltage. When multiglBs are utilized, they are

usually connected in a string so that their current can be regulated ahthérsa.



2.2 Switching converters

Switching converters have become the most popular drive electrooicd.BD
applications, mainly due to their high power efficiency. With switglon and off of transistors
and diodes, pulsated voltage and current signals are generated,rafidetieel by inductors and
capacitors to achieve specific outputs. As the transistors and aioddact with small voltage
drops, the conduction loss in switching converters can be much sroaftgrared to linear
regulators.

With different topologies, switching converters can provide varioustifumalities and
features. For example, buck converters can generate low output vottaghifjh input voltage,
while boost converters can only step up voltage. Buck-boost and Cuk convetigis, ane
based on the cascaded connection of buck and boost converters, can tHgquedddle any
conversion ratio. When additional devices are added, such as transfommaey more types of
converters are feasible for applications.

Take the non-inverting buck-boost converter as an example to demotistrajgeration
of switching converters. The schematic of the convertdraw/s in Fig. 2.2, with two transistors
S andS, and two diode®, andD;. The converter is controlled by adjusting the conducting time
of the high-side transistd, and low-side transistdg within one switching period, i.e., duty
cycleD. When bothS, andS are conducting, input voltage sousgecharges inductok. When
S, and§ are off, the two diodelS, andD, conduct the inductor current, which charges the output
capacitor. The total volt-seconds applied on the inductor over one switphimgd can be

calculated as

I;—SVL (t)dt =Vjn DTg + (_ Vout)(l_ D)Ts ) (2- 1)
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Figure 2.2: Non-inverting buck-boost converter.

whereTs is the switching period arid is the duty cycle. When the converter operates in a steady
state, the total volt-seconds on the inductor over one switching period should be kg yie
VinD _Vout(l_ D) =0, (2-2)

or

D
Vout = EVin . (2-3)

The conversion ratioM(D) is the ratio of output to input voltage of a converter. Eq. 2.3

demonstrates that the conversion ratio of non-inverting buck-boost converter is given by

M(D):%:l?D '
n

(2.4)
Note that this conversion ratio depends on duty cycle only. Simildwyconversion ratio for
other converters can be derived with this approach [5]. The ratio of dotpytut current of a
converter is just the inverse of voltage conversion M{iD) when all power loss is neglected.
According to Eq. 2.4, the steady-state behavior of a convertemitarsto a “dc”
transformer, which converts a dc input voltage to a dc output voltdgevdltage conversion

ratio of the transformer is (D), whereM(D) is the conversion ratio of the converter. The

steady-state model of a switching converter is shown in Fig. 2.3.
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Figure 2.3: Steady-state model for a switching converter.

The above analysis is based on the assumption that the inductor cumemteaehes
zero, i.e., continuous. In other words, either the two transistors twehdiodes are conducting
throughout each switching period. If the inductor current reachresdzeing the subinterval of
diode conducting, the two diodes will go off, and the inductor is disctethéiom both input
and output ports with zero inductor current until the transistorsuamed on again. Under this
situation, the converter is said to enter the discontinuous conduction mGt®.(Id contrast to
DCM is the continuous conduction mode (CCM), which means the inductor cusrerat
pulsated. The inductor current waveforms in CCM and DCM are showig.ir2 B. When one
converter operates in DCM, the volt-second balance indicated by Ecg mvalid. Thus the
relation between output and input voltage, or conversion ratio of the rtendees not only

depend on duty cycle.
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Figure 2.4: Inductor current waveforms of converters in CCM and DCM.

2.3 Power electronics in LED lighting

Power electronics are critical contributors to high-performaute lighting applications.
As the interface between power source and LED load, drive elexgtrsinould convert the input
power, which is often ac and high-voltage, to dc and low-voltage for LkbDde provide
current regulation and other necessary protections at the sameTine typical structure for
LED driver is shown in Fig. 2.5. For off-line applications, normaly tstages are included in
the circuit, with a power factor correction (PFC) stage follblwg a dc-dc stage. The PFC stage
is necessary as high power factors are required by stanlle@dENERGY STAR program,
while the second stage provides regulation of LED current. The sestagd may not be
included in some applications where bulk capacitors are paraltethétLED load to limit LED
current ripple. In applications where dc source is available, onlgidite stage is necessary to

power LED load.



13

+ + P4
Vac@ geggger Ces==Vesq dc-dc |Vieps |
—

Figure2.5: Typical structure for LED drivers. Rectifier and PFC stage unnecessary wher
power source is available.

Power factor (PF) is a measurement indicating the qualignefgy transmission on the
grid. The higher PF achieved, the less power loss occurs on dh&Hris defined as the ratio of
the average input power delivered to an equipment divided by the magafttlde complex
power (or apparent power), as represented by Eg. 2.5. In general, Rivampvhen input
current gets closer to the shape and phase of input voltage. Fogreed applications, the
maximum value of PF = 1 is achieved when input current is pure sinuaoan phase with
line voltage.

averagepower
(rmsvoltage(rms current)

(2.5)

power factor =

For off-line LED lighting applications, high PF is requireddtgndards. For instance, the
PF for commercial solid-state lighting applications is reglito be higher than 0.9 by the
ENERGY STAR program, while the minimal PF requirement for residgmtoalucts is 0.7 [3].

Many approaches are feasible to achieve high PF for off-linaitsr The basic idea is to
shape input current so that it becomes sinusoidal and in phase with inpgev@ne popular
approach, which is called the average current control, utilizeasledsinput voltage waveform as

the reference for average input current, as shown in Fig. 2.6. Two cloafpsl are included in
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Figure 2.6: A PFC boost converter with average current control.

£

the circuit. A current control loop regulates the input currentredeaence that is proportional to
input voltage, while a voltage loop adjusts the scale betweemplg current reference and
input voltage to stabilize the output voltage. If the voltage loop M slioough, the current
reference signal will be very close to sinusoidal and in ph#kenput voltage, and thus a good
PF can be achieved.

Other control approaches are developed to achieve high PF withouvalfagfe sensing
[6-9]. For instance, the non-linear carrier control approach utibzepecial reference signal
instead of scaled input voltage, i.e., non-linear carrier, as firenee for input current [8]. With
a suitable carrier signal, a high PF can be achieved.

Some other approaches are feasible for specific topologiesartliction mode. For
example, it is easy to achieve high PF with boost converterstical conduction mode (CRM),
which means the converter operates right at the boundary betweera@CBICM. With CRM,
the low-side transistor of a boost converter is turned on rightaiceessing of inductor current,

resulting in an input current waveform shown in Fig. 2.7. In this cas@véirage input current
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Figure 2.7: Input current waveform of a boost converter operating in CRM.

within each switching period is approximately half of peak inductoreatir as indicated by
Eqg. 2.6. It can be seen that input currgyg is proportional to input voltagey under this

condition. Thus, when the conduction time of low-side transigtés constant within every half-
line cycle, the input current waveform will be a scaled versianmit voltage waveform, and a

high PF can be achieved.

. 1. 1ty
lg,avg :E'L,peakZETVg (2.6)

With approaches mentioned above, a PF close to unity can be achieveslidr as the
input voltage and input current are sinusoidal and in phase, the resgltegower contains a
very large ripple, which can lead to large variations on LEDectr As a result, significant
filtering is required in order to limit the low-frequency LEDrent ripple. This is also one
reason to include second stages in off-line LED drivers.

Regulation of LED current can be achieved with second stages in LED dhvef&line
applications, buck converters are a common choice for the second stagesmally the bus

voltages are higher than LED string voltages. The major coradawut the second stage is the
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additional power loss. With the cascaded structure in Fig. 2.5, input emesgy be processed

by both stages to reach the LED load. As a result, signifi¢éort s required to achieve high
power efficiency.

In order to avoid the cost and power loss associated with the seeged the second
stage is not included in some off-line applications. However, bulk capatiave to be used to

limit LED current ripple in these circuits.

2.4 Research Motivations

One major issue of many existing off-line LED drivers is therslifetime, which is
much less than the expected long lifetime of LED devices. Asdilve circuits are often
packaged together with the LED devices within lamps, failure afrige circuit requires
replacement of a whole lamp, which wastes the long lifetime=@fs. Past studies show that the
aluminum electrolytic capacitors in the drive circuits arertfagor reason for early failure. The
wear-out of electrolytic capacitors is primarily due to evajpmmaand deterioration of
electrolytes, which processes can be accelerated by elevatsent or internal temperature. As
an electrolytic capacitor degrades, its capacitance dropssaeduivalent series resistance (ESR)
increases, both of which cause increases in capacitor voltage, ngpich finally lead to the
failure of the circuit [10].

In order to extend the lifetime of LED drivers, aluminum elegtrolcapacitors have to
be removed [11]. One option is to replace them with long-life @aga, such as ceramic or film
capacitors. However, these capacitors are much more expensive rednipaelectrolytic
capacitors. Thus, in order to utilize ceramic or film capacitgide maintaining reasonable cost,

the required energy-storage capacitance should be reduced.
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Besides high efficacy and long lifetime, another advantage of WEfidces is the

miniature size, which offers flexibility for diverse and sophatd design. For instance, LED
applications with small size or thickness will be suitable $pace-limited situations or
integration with building fixtures. However, in high-voltage applaad, the drive electronics
normally operate at relatively low switching frequencies maitlipower loss, which results in
large components. Meanwhile, semiconductor devices with high rated ejoldgch are
required due to high voltage stress, are difficult to integralteof these disadvantages hinder
the size shrinking of high-voltage LED applications.

A series-input structure provides a possible method to reduce the vsitage on the
devices in high-voltage applications. When several cells in amayate series-connected from
the input port, the input voltage of the system is distributed among thé¢ine system is well
designed and balanced, the input voltage of each cell is theviolpage divided by the number
of cells. The more cells connected, the less voltage ratimggsired for each cell. The
integration of the semiconductor devices becomes much easier etitited rated voltage.
Meanwhile, the circuits can operate at higher switching freqgesmnith low-profile inductors
and capacitors. As a result, it is possible to achieve high-lategration with series-input

structure [12].

2.5 Reported efforts to eliminate electrolytic capacitors in LED drivers

Recently, many approaches have been proposed to eliminat®lgtecitapacitors in
off-line LED applications. The purpose of electrolytic capacitorsff-line applications is for

energy storage, so as to balance the energy between input polwvéargg variations and the
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constant output power. To reduce the capacitance so that long-liéxgrrisive capacitors can

be adopted, the first attempt is to reduce the required energy to be stored inecagbld.

As the LED applications are allowed to have PF less thantaseyassible to reduce the
input power ripple with the trade-off of a lower PF, which can laéized by manipulating the
shape of input current. In [13, 14], specific harmonic signals ageteg into the input current
reference to reduce the peak-to-average ratio of input powmilay, distorted sinusoidal
references are utilized for PFC converter in [15, 16] to reduce input power ripple.

Although the required energy storage can be reduced with input cshaping, very
large energy-storage capacitance is still necessaing i€apacitors are directly parallel with the
LED strings, as proved in Appendix A. The required capacitansebeafurther reduced by
decoupling the capacitors from the LEDs. With additional stagesegl#llowing energy-
storage capacitors and followed by LED load, high dc value andfge Igople on capacitor
voltage are adopted to reduce capacitance in [17, 18]. Although theltéc capacitors can be
eliminated from these circuits, the drawback is low efficieasythe entire energy is processed
by two stages to reach the LEDs. Some integrated LEDrdrare also reported in [19-21], in
which a single controller is utilized for both stages. Howeverjghges of energy storage and
power loss are not tackled by integration. The active filtdinigeie is also adopted to reduce
energy-storage capacitance in [22], where a three-port convéttea dedicated power ripple
port is proposed.

Magnetic energy storage is also proposed as a replacemergaaitaace in [23, 24].
However, although magnetic components provide much longer lifetiompared with
electrolytic capacitors, the required large inductance becomeggraficant issue, when

considering size and cost.



CHAPTER IlI

DC LED DRIVER BASED ON SERIES-INPUT MODULAR STRUCTURE

Although some trends in commercial high-brightness LEDs are dsviegh-power, high-
current devices, most applications still require a largsber of LEDs to be used in a single
system [25-29]. Typical solutions, especially when operdtmg a high voltage supply or the ac
grid, place many LEDs serially in a string and regulatestnieg current [30]. Such solutions
require use of high-voltage components operating at avedlatow switching frequency from
tens of kilohertz to low hundreds of kilohertz in order to limiitshing loss. Both high voltage
and low frequency result in bulky inductors designed for large eclirgls. The integration of
components, such as power transistors and gate drivertsiralso becomes difficult and
expensive due to high rated voltage. At the same time, thagesslalso risk losing an entire
string of LEDs with the failure of a single element.

As an alternative, a series-input modular structure, as showig.ir3.E, enables use of
low-voltage integrated circuits (ICs) and components @ecalable range of high dc input
voltage buses [12]. The low-voltage cells can operate eftlgiat high switching frequencies in
the megahertz range using low-profile, light-weight compontiaismatch well to the miniature
packages typical of LEDs. It also becomes more feasiblehievaca high level of monolithic
integration. Furthermore, this structure provides a possiklaod to respond to individual LED

failure by automatically detecting and shorting the affectdidfroen the series system. The dc
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Figure 3.1: An LED application based on series-input converter modules.

input line voltage bus may be the output of a power factor@@ne(PFC) stage in an off-line ac
application or a direct connection in a dc system (e.g. stand-shdae aircraft, naval ships or
potential future dc wiring in buildings).

One critical issue for the modular structure is distrdoutdf line voltage, which has been
investigated for series-input parallel-output converter$3ir40]. However, most approaches
require an additional control loop for the line voltage shamvigch complicates system design.
The common duty cycle approach, introduced in [36] and indeantf87-40], achieved good line

voltage distribution.

The modular LED driver structure with converters operating ioodignuous conduction
mode (DCM) was reported in [12]. The presented approach uses two coop®Iin each module
and relies on communications between the cells to tuneotiteotloops based on relative cell

power levels and also achieves proper input voltage sharing.
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This chapter introduces a series-input modular structuptemented by converter cells

operating in continuous conduction mode (CCM), with common dutye ayahtrol approach to
automatically distribute line voltage between the cellsrévefficient operation can be achieved
with lower peak currents by operating in CCM as opposedGMDn addition, only one local
feedback loop is necessary in the entire system using the pdoposthod to achieve well-
regulated output LED currents. The control-to-output transfettimof the proposed system is
close to that of a single converter and thus easy for sydemign and compensation. Two
drawbacks to the proposed system include an increase in the mofhdm@nponents that scales
with the number of modules and the requirement for communicationsdretive series modules.
These effects are partially mitigated by reduced voltagags that scale down with the number
of modules and low isolation requirements, since communicatioccur only between
neighboring modules.

The chapter is organized in the following way. Section 3.Dbdlizes the series-input
system and the reported design solution in DCM. Analyses ofotimenon duty cycle approach
are provided in Section 3.2, including the steady-state behawmall-signal transfer function for
the system and compensator design. Some special considefati@ystem design, including
responses to LED open-circuit failure and start-up issues, pagsented in Section 3.3.
Experimental results for a 25-W 3-cell system with 9earx K2 high-brightness LEDs are given
in Section 3.4, demonstrating line voltage sharing, output cuoepying and LED failure
response. A block diagram of integrated buck modules forssepeit system, including
schematic for communication blocks, is proposed in Sectmnahile Section 3.6 concludes this

chapter.
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3.1 Series-input modular structure

The proposed system is composed of several converter ceitty are serially connected
from input ports and have independent output ports, as shown.i8.Eigcach cell drives a sub-
string of LEDs, whose numbers can be different between strifige target behaviors of this
system include input voltage distribution and LED curregtiaion of all the cells. When the
system is well balanced with proper design, the high inpuagelevenly distributes between the
cells. Consequently, the voltage rating of each module caighdicantly smaller than the high
input voltage of the system. The low-voltage modules caratpat high switching frequencies
with low-profile, low-weight components, making it more feasiblenfi@nolithic integration.

In order to achieve the desired system behavior, a speciablcapproach has to be
applied on the series-input modular system. One solutionteebor [12] adopts buck-boost
converters in DCM for the converter modules, as shown in FigT8&.input impedance of a
buck-boost converter operating in DCM can be emulated asistorewhose resistance is
controllable with the converter duty cycle. Thus, the systemt mptage is distributed among the
modules according to the ratio of input impedances, which cadjbsted by varying the duty
cycle of the converters. In order to implement this controlagbr, communication between the
modules is necessary to share information of power corisamp\s the modules take turns to
communicate and calculate the duty cycle, the response alytesm is limited by the speeds of

communication and calculation.
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Figure 3.2: An LED driver based on series-input buck-boost modules in DCM.

3.2 Common duty cycle approach

In order to reduce the complexity in control and to improve pmdoce, a common duty
cycle approach can be applied to series-input modular systeffexeBi from the approach in
[12], the converters should operate in CCM in order to apyglycommon duty cycle approach. A
proposed system is composed with the converters with thetsawiegy, while one of the cells
is the master and the others are slaves. The master geltes its own output current and
generates a duty cycle, which is adopted by all the sldistoedrive their transistors. Many
options are feasible for realizing distribution of the commdaty cycle in the series structure,
including isolated analog and digital communications and dgatet drive transformer coupling.
One solution using digital communications between neighboring wéls very low isolation

requirements is presented in Section IV of [12].
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3.2.1 Steady state of series-input modular system with common dutycle

A steady-state equivalent model for the proposed system is shdvigp 3.3. The output

LED current for each converter cdl,;, can be calculated with

= Ig | =
Io—i_M(Di)' i=12--.n, (3.2)

wherelg is the system input curreri; is the duty cycle of cellandM(D;) is the conversion ratio
of the cell.

When the system is operating in steady state, the inpuintsifie all converters are the
same and equal 1g. The output LED currents are identical only if the coneersatiosM(D;) of
all the cells are identical, which can be achieved apprdaglgnevhen all the converters share the
same topology, operate in CCM and are driven by identical detg.dynder this condition, the
conversion ratios for all cells are equivalent and given by

Zvo_i

_i=1
M (D) = v (3.2)

whereD is the common duty cycle of all cells. In steady state the output voltage of cell is
approximatelym 'V gp, whereV,gp is the rated voltage of one LED amdl is the number of
LEDs in the cell.

Under the common duty cycle condition in Eq. 3.2, the input velggautomatically
distributes among the cells. The ratio between input voltagie aonverters can be solved from
Fig. 3.3 as

Vin_i _ Vo_i (3.3)
Vin_j Vo j
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Figure 3.3: Steady-state model of an LED driver based on $epigsmodules with commc
duty cycle.

Based on Eq. 3.1 and 3.3, with = D given by Eq. 3.2, all output currents are identical
and the input voltag®y naturally distributes according to the ratio of the outpltiages. As a
result, regulation of only the LED current of the single mrasell results in good matching of all
LED currents for an arbitrary number of cells and an argitnmmber of LEDs per cell. The
resulting LED current regulation in all cells is also indejent of characteristic differences
among the LEDs and forward voltage variations during the LEDnie. Hence, the system has
only one master cell at any time, while communication i®s&ary to transmit the duty cycle to

the slave cells. In practical applications, all the celés/rhe identical and have the ability for



26
output current regulation while only the master cell is aigbdrfor control. The authority for

control may be transferred from one cell to another for avegagji any regulation errors or only
transferred in the event of a failure. Furthermore, the slelle may be allowed to modify or
offset the cell duty cycle incrementally to improve accyrat the output current or to allow
LEDs with different current specifications on each c&bmmunications can be performed
without significant isolation requirements by transferrilg tuty cycle command between
neighboring series cells, similar to the method used in [12].ektensions mentioned above for
transferring control authority among cells or modifying outputtrents of each cell may be

developed in further research.

3.2.2 Small-signal model of series-input system with common duty d¢gc

One benefit of the common duty cycle approach is that only oxggestontrol loop is
required. The behavior of this loop is primarily based only oryf@mics of the master cell and
is relatively independent of the slave cells. The small-sigiaalel of the series-input system is
shown in Fig. 3.4(a), where canonical model for convertersad (. The canonical model
parameters for basic converters are shown in Table 3.1.

The input capacito€i, places significant impact on the control-to-output-currearisfer

TABLE 3.1 (CANONICAL MODEL PARAMETERS FORIDEAL Buck, BOOST ANDBUCK-BOOST

CONVERTERS
Converter M(D) Le es) i(s)
Buck D L é VE
Boost % # V(l_ DS'ZLR] D\’/ZR
Non-inverting buck-boost o # %(1—%J D\’/ZR
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Figure 3.4: Small-signal model for (a) a series-input modyistem, and (b) a single converter
both in CCM. The parameters of the model for typical converters are shown e3labl

function of series-input modular system. As frequency gods thg impedance @i, gradually
decreases and the input port becomes short-circuit€, i sufficiently large, the small-signal
model for the system can be reduced to that in Fig. 3.4(b), vihereomponent values are

identical to those of the master cell. Thus, the high-frequen@ll-signal model of a series-
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input-connected system is close to the model of the masterWith large enough input

capacitors, mismatches in component values and loads betweeenlls have a small effect on
the transfer function, including some variation in the dc gaowév¥er, the effective dominant
poles induced by output capacitts and equivalent inductdt. and the cross-over frequency of
the transfer function of master cell are not affected.aAsesult, it is simple to design the
compensator for a series-input system with |&geccording to the single converter model.

A comparison is given in Fig. 3.5 of the simulated cortsedutput transfer function for a
master cell in a four-cell buck-boost system with large input dapsa@gainst that of a single-cell
model. For the four-cell system, the master cell has 2Qo\t imoltage, driving 6 LEDs, and the
values of its input capacitor, inductor and output capaciter 20uF, 10uH and 1uF,
respectively. The slave cells have 50% less load and a variatign 20% in component values
compared to the master cell. The single converter, selEmtedmparison, has the same value of
load and components as the master cell in the four-ceBraydh the Bode plots in Fig. 3.5,
Gsystemand Rysiemare the magnitude and phase of the control-to-output trafustetion for the
master converter of the system whilg,gs and Ringie are the amplitude and phase of the control-
to-output transfer function for the single buck-boost converteerd is a slight difference
between the transfer function of the master cell and thasifgée converter, but the divergence
is insignificant for control loop design.

When small input capacitors are used, they do not behave shaitedrantil a very high
frequency. Thus, the small-signal model of the system can norltegestimated as a single
converter model, and the dynamics associated with interactionedsetiie master and slave cells
become more pronounced. One extreme condition is zero input teagacior when input

capacitor becomes open-circuited at very low frequency. Tladl-signal model for the series-
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Figure 3.5: Simulated control-to-output current transfer functions fseriesaput system wit
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input system in this case is shown in Fig. 3.6. The cordrolitput-current transfer function for

cellj can be derived as

3 1
o 2,50 G
1

= . : (3.4)
M(D)ZE(SLe_i +R IISC.U] Rt N

For comparison, the control-to-output current transfer function for sestogiverter is
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The transfer functions shown in Eg. 3.4 and 3.5 are very sjnalarept that the former is

determined by the “average” of the component parameters. thkeusontrol-to-output current
transfer function of a series-input system without inpygtacéors is close to that of a single
converter, while the transfer function is determined by the ggeramponent parameters of the

whole system rather than by only the parameters of the magter cel
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In order to verify the impact of input capacitors on systemnsfier function, SPICE

simulations are performed for a four-cell system with d#ffi¢ input capacitor values, 0, QuE
and 20uF. Variations on component values are included in the siiomjavhile the parameters
are intentionally selected to make the transfer functih &werage component parameters have
split poles (low Q), while the transfer function with magiarameters has complex poles (high
Q). The final parameters for simulation are shown in Table 2. sImulated Bode plots for
control-to-output transfer functions are shown in Fig. 3.7. Téester function for a zero input
capacitor gives a well-damped response. The transfer functi@® fdf input capacitor gives the
resonant behavior of two complex poles. The transfer funabio@.2 uF input capacitor shows a
higher order pole/zero pair resonance, but it is close terial input capacitor case at low
frequency and close to the large input capacitor case atremehcy. For all three cases, a slow

Pl compensator is suitable for stable operation function of theencdL

3.2.3 Mismatch of component values between series-input modules

Mismatches in component values, discrepancies in actual delgs@nd communication
delays may have an effect on the cross regulation of cgllbatrrents. However, the accuracy
of output current copying from master to slave cells is exgeittebe quite high for realistic
tolerances and delays. As long as all cells operate in @i#tdrences in filter component values
between cells only affect the current ripple but do not atfee average output current. Thus,
filter component values do not affect matching of LED aisemong the cells. Differences in
actual duty cycle due to mismatch in drivers may causetitpait current of slave cells to deviate
from that of the master. The output current divergence of sklieefrom that of the master cell

may be calculated by
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Figure 3.7: Simulated control-to-output current transfer functionsésies-input system with
different input capacitor values. The detail component values are shown in Table 3.2.

TABLE 3.2 (GOMPONENTPARAMETERSUSED INSPICESIMULATION

L (uH
b | eo® | Vi) | Vo (V) | Riens(@) ‘)” CoF)|  Cn(uF)

Slavex3 | 0.5 0.7 10 10 5 12 0.8 0] 0.16 16
Master | 0.5 0.7 20 20 10 8 1.2 0 0.4 24

1-D-d 1-D

_|.D+d D |
A= 1D x100% (3.6)

D

whereD is the duty cycle of the master cell ashs the difference between the duty cycle of the

slave cell and the master cell. Table 3.3 shows the wasst-aeviation of the output LED current
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TABLE 3.3 WORSTCASEVARIATIONS OF LED CURRENTSDUE TOMISMATCH OFDUTY

CYCLES
Difference in Duty Cycle | Worst Difference in Output Current
1% 5%
0.4 % 2%
0.1 % 0.5 %

in a slave cell, valid when the master cell duty cycle is 0.25<0.75. Although both analog and
digital solutions for transmitting the duty cycle command khoesult in acceptable variations,
an advantage of the digital solution is the ability to achiesetlen-0.1% matching in duty cycle
despite analog variations in the circuitry used in the datsstnission. The difference of gate
drivers and gate-to-source capacitors of power transistorsedetwells may also lead to
discrepancies in the effective duty cycle driving the ce#sulting in mismatches of output
currents, according to Table 3.3. The delay for duty cyclenmamcation may lead to some
variation during transitions in the duty cycle command. The aclaied delay may reduce the
phase margin of the loop gain, but should not present a probtemnumber of cells is limited

or the cross-over frequency for the closed-loop gain is sufficienly |

3.3 Additional considerations for series-input system design

3.3.1 Start-up of series-input System

Start-up can be a significant issue for the series-inputeztiad modular structure. When
the system is powered up, the input voltage of some csllgrav to a high value and cause
damage. Another possible problem is that one cell may spar@ation earlier than others and
immediately pull a high input current. The input voltage of tei decreases to a low value and

turns it off before other cells start to work. This process take turns happening in the cells. If
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the operations of cells do not coincide, the system cannot enter statadyt is necessary to limit

the input voltages of all cells to be within a safe raage also to distribute the line voltage so
that all the cells can start operation before the masteisclected. To meet these requirements,
a default start-up duty cycle &f = 0.2 is introduced, which is used by all the cells iliately
after they are powered up. The low duty cycle keeps alttimgerters in DCM and maintains

both the input current and voltage at acceptable values to guaranteessful start-up.

3.3.2 Response to LED open-circuit failure

One benefit of the series-input-connected modular structuhe ipossibility to respond
locally to LED failures. This advantage reduces the efbéa single LED failure on the total
system light output. If a single LED fails and becomes stiartiited, the cells will continue to
operate and input voltage sharing is inherently adjusteddingaio Eq. 3.1 and 3.3. If a single
LED fails open-circuited, the corresponding cell with theDLEailure, or “failed cell,” can
respond by applying a short circuit to its input port. Tém@aining cells continue to operate and
share the input voltage. In order to utilize this benefit, theesy$as to be designed with some
margin on rated voltage. If the system is required epkgperating when more cells fail, either
the number of cells or the rated voltage of each cell hexitease. Circuitry is also required for
each cell to measure its output voltage or output curremndier @o detect the open-LED failure.
This circuitry can be coarse in quantization and only hadetect thresholds that indicate a
failure.

In order to hold the input port short-circuit and to keep the commtioms channel open
between other cells, a small amount of power must be rreedtéor the controller of the failed

cell. This is achieved by using the output port as the power siqptie controller under the
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failure condition. The failed cell operates in a pulse modpdidically injecting a single pulse

in the cell to charge the output capacitor and maintainceerifi voltage at the output port.
Resonance at the input port is used in the pulse mode to achreveoltage switching when
shorting the input port and thus avoid high currents in the power switch

The algorithm to respond to LED open-circuit failure is descrilbetow. The
corresponding switch behavior of a non-inverting buck-boost convertenown in Fig. 3.8.
When LED failure is detected, the corresponding cell holdgptweer switchess andS; on to
transfer energy from the input capacitor to the inductoshasvn in Fig. 3.8(a). When zero input
voltage is reached, the cell shorts its input port and begiolsarge its output capacitor with the
inductor current until the inductor current goes to zero, as showig. 3.8(b). To prevent over-
current in the inductor and excessive output capacitor voltageptocess may be finished in
several intervals. When the inductor current reaches zero, the outpst gisdtonnected from the
inductor while the input port is kept shorted as shown in &8(c). If switchS, is realized as a
diode, then transition from Fig. 3.8(b) to 3.8(c) is automatie failed cell continues to short its
input port and power its controller from the output capacitdit thre output voltage drops to a
low threshold voltage. Then the input port is opened as in Fig. a@4&) and the input capacitor

and inductor begin a resonant cycle, and the sequence of Fig. 3.8 is repeated.
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Figure 3.8: Switch behavior during LED failure response procedair&;,(S; on, chargingd., (b)
S, $, S, on, input port shorted, chargingC,, (¢) S1, $ on, input port shorted.

3.4 Experimental results

A prototype has been developed to verify performance of the proposellar
architecture and control approach experimentally. The cinastseparable converters and load
stages to employ modularity of the architecture. Ea&tlhiccontrolled via an on-board floating
FPGA and corresponding sensing circuitry and ADCs. Commuoncaf the digital duty cycle
command is implemented though the FPGAs and isolator chipoouAsWwitch buck-boost

topology, as shown in Fig. 3.9, is implemented for the expergram¥cribed below. The devices
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Figure 3.9: Experiment setup, including 3 bumdoest converters with 2, 3, and 4 LEDs as |
respectively. FPGAs are used for control and communica@ign= 0.4uF, L = 10uH, C, =
1 uF, fs = 800 kHz.

used are shown in Table 3.4. The values of input capacitor, indaadooutput capacitor are
0.4puF, 10uH and 1uF, respectively. The switching frequency is about 800 kHz.eTbedls were
used in experiment, with two, three and four LEDs as leeghectively, to verify operation with
unbalanced loads. FPGAs are utilized only for experimentalicagidn of the principle. The
simple control algorithm can be realized with a smathber of logic gates in a customer IC.
Four-switch buck-boost converters are used for convenience in exp&indevelopment to
operate under various conditions including buck, boost or buck-boost mitdeswide range of

input voltages, number of cells and LEDs per sub-string. datjge, only a single topology is
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TABLE 3.4  DeVICESUSED INEXPERIMENT PROTOTYPE

Device Part Number | Description

FPGA XC3S500E Xilinx Spartan 3E

Diode PDS540 Schottky, 40V, 5 A
MOSFET STN3NFO6L | N_channel, 60 V, 4 A

ADC AD7825 8 bit 4 channel Multiplexed
HB Driver LM5101 Half Bridge Driver

Isolator ISO7221 Dual Digital Isolator 2MSPS
LED Luxeon K2 700 mA

required based on the specific system requirements amrdtioyy conditions, resulting in fewer
switches and lower cost.

During experimental verification, float voltage supplies gemerated with additional
converters with isolation for FPGAs and control circuitri®géhen series-input modules are

implemented in custom ICs, the supply voltages can be generated &ithimedule.

A. Reference transient response test

During the test, the target output LED current for the mastiéis set to switch from 500
mA to 600 mA and then back to 500 mA. Fig. 3.10 shows the wamsfof input voltages and
output currents for the three cells. The three output currextk the reference current change
with good cross- regulation as expected. The ratio betwedhreeeinput voltages is about 2:3:4,
which is proportional to the output voltages that are set bygitfegent number of LEDs in each
cell. The input voltages do not change significantly during réduesition. Thus, the same ratio is

maintained.
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Figure 3.10: Waveforms of (a) input voltages and (b) output LED csrifentthe threecells
during LED current reference transient t€ehe reference current for the master cell che
from 500 mA to 600 mA, and then back to 500 mA.
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B. Line transient response test

During the test, the line voltage increases from 35 V to 45hé input voltages and
output currents of the three cells are shown in Fig. 3.11. Tiweafathe three input voltages is
about 2:3:4 before the transition occurs. When the line supplygeoitereases, the three input
voltages rise proportionally, and settle at about the same Aasimall disturbance is seen in the
LED currents during the transition, but the currents are reguka the same value before and

after the transition.

C. System start-up test

In order to limit the input voltages of all cells to be withisafe range and also distribute
the line voltage at start-up so that all the cells can gpentation before the master cell is selected,
a default duty cycle db = 0.2 is introduced, which is used by all the cells immedgiatiér they
are powered up. Fig. 3.12 shows experimental input voltage wageforrthe three cells during
start-up. The line voltage is roughly distributed among #les @lmost immediately after the
power up. The ratio of the input voltages does not correspond toatheatio for a short period
because the cells are operating in DCM. The line voltagedistributed when the master cell is
selected and begins to control the system. Then the ratio ofvapages becomes the same as

that of the loads during normal operation.
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Figure 3.12: Input voltage waveforms of the three cells during system start up.

D. LED failure response test

An emulated LED failure response test was performed expeaityerty abruptly
disconnecting the LED board from cell 2 during operation. Fig. 3.0@slhe behavior of the
failed cell, including the waveforms of its input voltage, inductor current > and output
voltagevy,. The detail waveforms of,, i.» andvy, at the instant of LED failure are shown in
Fig. 3.13(b), which is a zoom-in on Fig. 3.13(a). When the L&MDre is detected,, continues
integrating, whilevin, decreases rapidly. The input port is shorted whemeaches zero, at which
point the charging of output capacitor begins. The inductor cureekeeps decreasing until zero
current is reached. The recharging process begins whesaches a threshold voltage of 5 V. A
zoom-in view of the waveforms faer,., i andvy, during the pulse recharging period is shown in
Fig. 3.13(c). The input port of the cell is open briefly to enablecttagging pulse. The input

voltagevin; resonates to zero after half of a resonance period, ahwbinti , reaches its peak
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value. The input port is shorted again and the inductor currentes toscharge the output

capacitor untili , becomes zerd/Vhen this type of failure occurs, the total input voltagié ve
shared by the other cells according to their load rHtdesired, the master cell could detect the
change in input voltage and modify the LED current to maintaal ight output of the system,

within the limitations of the LED specifications.

E. Efficiency of series-input-connected converters

The measured efficiency of the series-input-connected coneadeits for experiment is
shown in Table 3.5, which includes values after the LEDuriin cell 2 occurs. Similar
efficiency is achieved before and after the LED failurbe Tesult is in contrast to typical
approaches, where either the entire LED string fails or pb#dieer diodes are used for each

LED or sub-set of LEDs. In the case of using parallel Zener giaignificant loss associated
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Figure 3.13:(a) Input voltage, inductor current and output voltage waveforms feil avith
LED open-circuit failure, (b) zoom-in of (a) at the instant wh&i failure occurs, (c) zoorm
of (a) when the output capacitor is recharged.
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TABLE 3.5 EFICIENCY OFSERIESINPUT CONVERTERS FOREXPERIMENT

Pin (W) | Po1 (W) | P (W) | Pos (W) | Efficiency
Normal operation 24.28 | 4.80 6.94 9.13 85.96 %
LED failure 16.25 | 4.79 0 9.09 85.42 %

with the diodes results in low efficiency when LEDs fail in the system

3.5 IC Implementation and Communication Circuitry

With series-input modular structure, the voltage stress oh eanverter module is
significantly reduced, which make it feasible for higheleintegration. A block diagram of buck
converter modules for series-input system is shown in Fidg, 8vith the circuitry within broken
line to be integrated in ICs. Besides the typical functitmtks for digital buck converters, a
communication block is necessary to transmit duty cycle infiom&etween modules, which is
indicated as th€omm.block in Fig. 3.14.

Within a series-input system, converter modules are sevig@gected from input port, thus
voltage levels between the modules can be quite different. Comationi between neighboring
modules, rather than a general communication bus connectimgodliles, may significantly
simplify related circuits. However, special design i$ s@cessary to realize signal transmission
between different voltage levels. One solution is to etilrrent signal for communication,

while a proposed circuit schematic is shown in Fig. 3.15.
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Figure 3.14: Block diagram of buck converter modules for series-input system.

The circuitry in Fig. 3.15 can accomplish communication between neighboring
modules serially connected from input port. The ground for upper mdaiiB,, is at the same
time the rail voltage for lower module. The top portion of thieudt is within the upper module,
while the bottom portion is for the one with lower voltageeleas indicated in Fig. 3.15(a). The
circuit to generate required bias signals is shown in Fih(b). Signal§ andR are the enable
flag of transmitting or receiving for the corresponding modulee effective circuit for signal
transmission from the lower module to upper one is showngin3FL6(a), while the circuit for

opposite-way transmission is in Fig. 3.16(b).
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3.6 Conclusion

This chapter presents a series-input modular architecture witbothenon duty cycle
control approach for LED drive circuits. When converters with timestopology operate in
CCM with identical duty cycle, their conversion ratios are eqtnals their output currents are
matched and the input voltage is automatically distributed amoraelseaccording to the ratio
of their output voltages. Consequently, only one feedback loop is nectssantrol the entire
system regardless of the number of modules, which significantiplify system design and
compensation. With the series-input structure and the common dugyapmioach, low-voltage
cells and components can be utilized in a high dc bus voltage systenoealized control
capability of LEDs. Additionally, a special LED failure modec&gpable of maintaining efficient
operation of the system in the presence of open-circuit LEDrésil The performance of this
architecture is verified by experiments.

Compared to the single high-voltage converter circuit, more compoaentequired by
the proposed modular structure, especially when more modules agmetk$o leave some
margin for LED failure response, which may lead to a highet. déss drawback is partially
mitigated by reduced voltage ratings that scale down \wghnumber of modules. Each low-
voltage module can be integrated on a single IC and operataeghdtduuencies for low-profile

and high-power-density applications.



CHAPTER IV

OFF-LINE LED DRIVER WITH REDUCED ENERGY-STORAGE CAPACIT¥CE

LED applications whose drivers are directly connected to themecdften termed “off-
line” applications, contribute to a large share of LED lighting ketar For these LED
applications, standards and regulations place limitations on the input famier (PF), e.g. 0.9
for commercial products and 0.7 for residential products [3]. Achievihgla PF results in a
large input power ripple at twice the line frequency. If thiple is passed directly to the LED
load, it generates significant variation in LED current and may lead toevititier [39] and life
degradation of LED devices through thermal cycling. Low-qualitk bapacitors are often used
in off-line LED drivers to filter the input power ripple at lowosts. Unfortunately, the
combination of low quality, large ripple and high temperature in lighmglications result in
low lifetimes of the bulk capacitors and thus the LED drivers [10].

In order to achieve longer lifetimes for LED applicationss ibf significant importance
to remove the short-life electrolytic capacitors from the dsivéagnetic energy storage is
suggested in [23, 24] instead of capacitance, with the trade-offgef $&are, weight and high cost.
Another popular topic is the reduction of required energy-storage aapaeitso that high-
quality capacitors with long lifetime can be used while maiimg reasonable cost. Methods are

reported in [13-16] to reduce the input power ripple with specific inpuent shaping. Energy
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storage capacitors are decoupled from the LED string to makestilbf the capacitance in [17,

18].

This chapter introduces and combines multiple techniques to reducejtitede=nergy-
storage capacitance in off-line LED drivers. The concept afggrs&torage capacitance and the
general methods to reduce it are introduced in Section 4.1. Sectioregedtgrthe approaches to
reduce the energy to be stored and released within eachneatiyicle, including constant input
current approach to reduce input power ripple, and the trapezoidal cuE®Bnt waveform
approach to minimize storage requirement when certain rippdoswed on LED current. A
special bidirectional second stage is introduced in Section 4.3. Witthettwaipling from LED
load by the second stage, the energy-storage capability of paeitcet can be fully used.
Meanwhile, the bidirectional structure reduces the percentageeafyeprocessed by the second
stage, leading to relatively small power loss. Section 4.4 peeseore details on system design,
including control loops, independent regulation of the LED current rigpid, techniques to
reduce switching loss on the second stage. All these conceptxifieglvn experiment, with the

experimental set-up and results presented in Section 4.5. Section 4.6 concludespties

4.1 Energy-storage capacitance for off-line applications

For off-line LED applications, high power factor (PF) &juired, which leads to large
input power ripple. For example, when PF = 1, the input powergswietween zero and the peak
value which is twice of the average input power. Thisdasgriation in power leads to very large
current ripple if directly applied onto the LED string. In artteavoid flicker or life degradation
associated with large LED current variation at low frequeangrgy storage is necessary to filter

the input power ripple. The simplest filter is to paradleapacitor with the LED string. However,
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with this approach, very large capacitance may be necdssachieve small LED current ripple.

The required capacitance can be calculated from

2Estored _ Estored
2 2 )
VEscpeak ~VEsaalley 2VEscVesc

Ces= (4.1)

where Eswored IS the required energy to be stored within one input power cyclée Wikic peak
Vescyaley Vesc and AVesc are the peak, valley, dc value and ripple of the energy-storage
capacitor voltageVesc peai= Vesc+ 4AVesc Vescvaley= Vesc— 4Vesc When the energy-storage
capacitor is directly parallel with the LED string, very ahVesc is allowed, as a small
variation on LED voltage leads to large change on the current. Assudt, the required
capacitance can be very large, and electrolytic capacitors betenonly practical choice, thus
limiting the lifetime of LED lamps.

According to Eqg. 4.1, required energy-storage capacitance can bedduudecreasing
energy storag€&sireg iNCreasing dc capacitor voltalyesc or capacitor voltage rippldVess To
reduceEsioreq €ither a smaller input power ripple or larger output power rigipteild be adopted,
which will be discussed in Section 4.2. Manipulation of the capacitaagelis another

important approach to reduce energy-storage capacitance, which will be disouSsetion 4.3.

4.2 Reduction of energy storage

One approach to reduce required energy-storage capacitarcalésreasdgireq the
energy needed to be stored in each input power cycle. In ordetluoeEsieq €ither a smaller
input power ripple or larger output power ripple should be adopted. As fheapflications are

allowed to have input PF less than unity, it is possible to reduce popedr ripple by shaping
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the input current, with the trade-off of lower PF [13-16]. On the oflzerd, allowing certain

LED current ripple at double-line frequency also helps refiygrq

4.2.1 Reducing input power ripple with constant input current

The power factor of a circuit can be calculated by

PF = _ Fnavg (4.2)

Vin,rms % lin,rms

where Vinms and linms are the rms value of input voltage and input current, Rngg is the
average input power of the circuit. In order to achieve near-unitmétmally a power factor
correction (PFC) stage followed by a bulk capacitor is placéddea the ac source (line) and
the application circuit, as shown in Fig. 4.1. The PFC stage oftpnres input voltage and
current sensing and can be realized using a wide range of cqipirobahes [5]. For the solid-
state lighting industry, ENERGY STAR requirements placeitdinon the power factor at
PF> 0.7 for residential lighting products and B.9 for commercial lighting. The drawbacks
to achieving high-quality PF with very low total harmonic distorfdfiD) include increased
circuit complexity, reduced efficiency and increased requirenwereither bulk energy storage
or large double-line-frequency current ripple in the LED load. Thaitsevbacks provide
motivation to minimize the PF to just meet the requirements in the speaificat

The ideal off-line LED driver should achieve input PF = 1 andstzont LED current,
resulting in the input and output power waveforms shown in Figa}4.2fie corresponding input

voltage, current and power may be represented as
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The shadowed area in Fig. 4.2(a) Fatres represents the energy to be stored in a half-line cycle

Tine/2, and it can be shown that

E ~32%xRT,../12=32%xE

line

stored cycle® (PF = 1) (44)

Equation 4.4 means that about 32% of the total input energy within onknkatfscle has to be
stored to achieve constant output power.
When the input current is regulated to be a constant value, Eq. 4.2 becomes

Rn av Vin av x Iin 2/7Z-><V|n eak
PF — ,avg — ,avg p ~ 09 . (4-5)
V x Iin,rms Vin,rmsx Iin \/_/ZX\/in,peak

in,rms

This leads to a relatively simple controller that meleé&sPF requirements for lighting products
and minimizes the input power ripple at double line frequency.4=&§b) demonstrates the input
and output power waveforms for an off-line LED driver with canstinput current (PF = 0.9)

and constant LED current, with input voltage, current and power repressnted
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Figure 4.2: Input and output power waveforms for (a) an LED driver Rtk 1and constal
LED current, and (b) an LED driver with constant input current (PR¥and constant LE
current.

Vin (t) = |Vac(tx :Vin,peak|Sin(27Z-t/TIineX’

0= 0] = 1,

4.6
pin(t): pac(t):Vin(t)iin(t):72-/2>< P()|Sin(27[t/-rlinej’ ( )
R) :Vin,peakl in X 2/72. = I:)LEDs'
It can also be proved that
Eqorea ® 21%%x BT, /12=21%xE_ .. (PF=09) 4.7)
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Comparing Eq. 4.7 to Eq. 4.4, it can be seen that the required etergyesis reduced from

32% to 21% of the total input energy, which helps the reduction of #rgyestorage capacitor.
Another advantage of the constant input current approach is the iglatgg realization, as the

input voltage sensing is unnecessary.

4.2.2 Allowing ripple on LED current

In order to avoid flicker and LED life degradation due to therayaling, an ideal LED
driver should provide constant LED current. However, a small pegemipple on LED current
may be acceptable in practical applications. Allowing certapleion LED current helps reduce
energy storage, which is very useful when the available capeeiia limited. Keeping ripple
under certain limits, the LED current should be manipulated in @atpgay to minimize the
required energy storage.

The waveforms of input and output power for a unity-PF LED driviéln wertain LED
current ripple are shown in Fig. 4.3(a), with the shadoweakaralicating the energy stored in
and released from the capacitor within one half-line cyclethAsLED string voltage is almost
constant, the waveform of LED current has the similar shapEDfstring powerp,eps, Which is
close to “trapezoidal” and in phase with input power. It ¢8 seen that the input power
waveform is “chopped” only around its peak or valley, resultingnrLED string power stay at
the regulation boundaries for most of the time. In this wag, minimum energy storage is
achieved for certain LED current ripple, which is proved in Appendiki& 4.3(b) demonstrates
the percentage energy storaBgered Ecycie for different percentages of LED current ripple, where
Eyce is the total input energy within a half-line cycle. The maxin required energy storage,

which happens with zero LED current ripple, is approximately 32%heftotal input energy.
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Figure 4.3: (a) Input and output power waveforms for an off-lin® Id&ver with PF = 1 and
trapezoidal LED current; (b) required percentage energy stoEagedEcycie Ecycle IS the tohl
input energy within one half-line cycle) for different LED current rippleigs.

When 30% ripple is allowed on LED current, the required energy stdesgeases to about 18%,

in which case the required energy-storage capacitance is sagtiificeduced.

The waveforms of input and output power for an off-line LED driver wahstant input
current and trapezoidal LED current are shown in Fig. 4.4(a),thgtshadowed areas indicating
the energy to be stored in and released from the capacitor. i8inthe required energy storage

is minimized with this trapezoidal waveform, for each percent&de current ripple. Fig. 4.4(b)
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Figure 4.4: (a) Input and output power waveforms for an offillaB driver with constant inp
current and trapezoidal LED current; (b) required percentage energ9y&€siored Ecycle EcyclelS
the total input energy within one half line cycle) for different LED currgapie values.

demonstrates the percentage energy stofaggsdEcyce WhereEge is the total input energy
within a half-line cycle for different percentages of LED eutrripple. The required energy
storage reaches the peak of approximately 21% of total input elaadygecreases significantly
when ripple is allowed on LED current. For instance, with 30% kHiDent ripple, the required

energy storage is only about 10% of total input energy.
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4.3 Reduction of energy-storage capacitance by manipulating capacitor
voltage

4.3.1 Decoupling energy-storage capacitor from LEDs

According to Eq. 4.1, the required energy-storage capacitance caedbeed by
increasing the dc value or ripple of capacitor voltage. Howevey,lweited voltage variation is
allowed when the energy-storage capacitor is directly panaitbl the LED string due to the
small dynamic resistance of LED devices. In order to manipthiateapacitor voltage with more
freedom, a common approach is to include a second stage in the ddeeotple the capacitor
from the LED string. As shown in Fig. 4.5, a dc-dc second stagkced following the energy-
storage capacitdCes and followed by the LED string. ASesis decoupled from the LED string,
larger voltage ripple is allowed. Furthermore, the capacitor \@ltag be boosted higher than
the LED string voltage. As a result, the capacitance camgbédicantly reduced compared to the
case of single-stage LED driver.

A comparison is conducted between the required energy-storagetaapegifor single-
stage and two-stage LED drivers for different LED curreppld, with the result shown in
Fig. 4.6. It is assumed that PF = 1 and the LED current is trap&zasdshown in Fig. 4.3(a).
The required capacitances are normalized base@opthe required capacitance for a single-
stage LED driver with 50% LED current ripple. The other assurparameters for this
comparison include single LED voltage of 3 V, LED current of 500 amdl small-signal
resistance of 0.8 for single LED. Meanwhile, the energy-storage capacitor velagthe two-
stage LED driver is assumed to swing between 120% and 189%esafwhereV epsis the LED
string voltage. As shown in Fig. 4.6, the required energy-storgggeitance is largely reduced
with the additional second stage. For example, when 30% LED rip@towed, the required

capacitance for the two-stage driver is less than 10% ofdhtte single-stage driver, and it can
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Figure 4.5: Off-line LED driver with PFC first stage and dc-dc second.stage

be seen that the capacitance reduction is even more signdibantLED current ripple is small.
This comparison is based on an assumption of capaggehigher tharV gps, Which is the case

for a buck second stage. When a boost converter is used in the sag@yktsthas to be lower
than Vi eps always. When a converter with large conversion ratio range, asiehbuck-boost
converter, is used, a larger swing\gicis allowed, and the energy-storage capacitance can be
further reduced.

With the cascaded two-stage structure in Fig. 4.5, the eitigief the second stage is
critical, as all the LED power goes through this stage, @ten current ripple is allowed on the
LED string. As shown in Fig. 4.3 and Fig. 4.4, the maximum redweresrgy storage is 32% of
the total input energy when PF = 1, and is 21% when PF = 0.9.Jdoveven when the required
energy storage is further reduced with non-zero LED currppleri 100% of the output energy

must be processed by the second stage, resulting in considerabtégsswe
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Figure 4.6: Normalized capacitance reduction with additional second stagediffaren
percentage LED current ripple§y is the required energy-storage capacitance for sstghp-
LED driver with 50% LED current ripple.

4.3.2 Reducing power loss on the second stage with bidirectional structure

An alternative two-stage structure is to switch the positionseoéhergy-storage capacitor
and the LED string, as shown in Fig. 4.7. With this stractanly the excess power goes through
the second stage to the energy-storage capdgitowhen the input power is higher than the
desired LED power. When the input power is less than thereggamount, portion of the LED
string power comes frofBes Thus, onlyEgore the shadowed areas in Fig. 4.3(a) and Fig. 4.4(a),
is processed by the second stage. The energy processed byahe stage may be largely
reduced with this structure, especially when current rippddiasved on LED string, as shown in
Fig. 4.3(b) and Fig. 4.4(b). For example, when 30% ripple is atlaweLED current, only about
18% (for PF = 1) and 10% (for PF = 0.9) of the input energy is gsedeby the second stage,
thus the power loss on the LED driver can be reduced comparedheithaditional cascaded

structure.
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Figure 4.7: LED driver with PFC first stage and bidirectional second.stage

The efficiency of a two-stage LED driver with bidirectiosalcond stage in Fig. 4.7 can

be derived as

2
My = — T, (4.8)
M2b +/1(1—772b )

where i1, and 2, are the respective efficiencies of the first and secoadestandl is the
percentage of LED energy procesdmd the second stage, dEsioredEcycle Which is shown in
Fig. 4.3(b) and Fig. 4.4(b). For comparison, the efficiency odittonal two-stage LED driver,

which is shown in Fig. 4.5, is represented as

e =Mzt (4.9)
whererny; andyy are respective efficiencies of the first and second stageder to simplify the
comparison, it is assumed that = 71 andna, = 72 With this assumption, it can be proved that

the overall efficiencyy, is larger tham; when

A
—_— 4.1
M2 > 1-4 (4.10)

As shown in Fig. 4.3(b), for 0 to 100% LED current ripple when PFitid always valid that

21 <0.32, thus/(1-1) < 0.47. As a result, when the second stage efficigndg larger than 0.47,
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Eq. 4.10 is always valid, and the efficiency of the two-stage HE{Zer with the bidirectional

second stage is larger than that of traditional cascaded .d8veilarly, when PF = 0.9 is
achieved with constant input current approdck,0.21, thusl/(1-1) < 0.27, and it is even easier

to achieve better overall efficiency with the bidirectional structure.

4.4 System design

4.4.1 Control loops

Compared with the traditional cascaded two-stage structures mteractions occur
between the two stages in proposed LED drivers, thus the systerol ¢oops require carefully
design. One configuration for the system control is shown in Fig. /8. plirpose of the
bidirectional second stage is to filter the double-line-frequency pdpe. This function can
be realized by regulating the LED current with the secongkest&/hen the LED current, thus
LED power, is regulated, the excess input power ripple autortatgrzes through the second
stage to the energy-storage capacitor. Besides the LEDhtcumetrol loop, one additional loop
is required to regulate the voltage on the energy-storage aapaoitas to equalize LED power
to average input power. The balance between input and LED power celnidneed by adjusting
the average LED current, which can be the reference signahdoLED current regulation.
Additionally, the average LED current should be compared to the LEBrtlcommand, which
is the external input signal for this system. The comparisauitrs fed back to the first stage to
control the input power. In all, four loops are necessary, shown in Figndl8ding the PFC,

LED current regulation, energy-storage capacitor voltage control apawer control loops.
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Figure 4.8: Control loops for the proposed two-stagdidf-LED driver, including PFC, LE
current regulation, energy-storage capacitor voltage regulation and inputquovired.

It is possible to simplify the control loops of the system to tlsb®evn in Fig. 4.9. The
external LED current command is directly used to regulaté Bie current in the second stage.
One other loop regulating energy-storage capacitor voltage gigetierates the input power
signal for the PFC stage. With this configuration, three loopeeessary for the whole system,
which simplifies the design. Furthermore, better regulation on LED cusrenpected.

The function of LED current ripple control is also included in thistesy. In order to
achieve trapezoidal LED current, two reference values amssaxy. The high and low current
references are calculated with the average LED currenélsigp avg in Fig. 4.8, and a ripple
current command as shown in Fig. 4.10. The reference transitiealized by detecting energy-
storage capacitor voltagescand LED current gp. As shown in Fig. 4.10(a), the LED current is
regulated with high reference during perigdvhen input power is large and with low reference

during periodr; when input power is small. The LED current controller is disalledng
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Figure 4.9: Simplified control loops for the proposed two-stagéiradf-LED driver, includin
PFC, LED current regulation, energy-storage capacitor voltage regulation.

transition periodsy, andty, during which intervals all the input power is directly consumed by
the LED load. During periody, Vesc keeps increasing, indicating excess input power. At
instant 1, the peak ofzsc is detected, indicating input power equal to LED power. After this
instant,i_gp controller is disabled angep decreases following the input power. At instant 2,
reaches the low reference, at which pointithg controller is enabled with low reference value.
The current regulation is stopped again when minimgggis detected at instant 3, and starts at
instant 4 when gp hits the high reference value. With this control procedure, #pezoidal

LED current is achieved, thus the required energy storage is minimized.
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Figure 4.10: (a) Reference transition by detectigg: andiep, (b) iLep controller with ripple
control to implement trapezoidal LED current.

4.4.2 Realization of the bidirectional second stage
With the proposed two-stage structure in Fig. 4.7, the secondhstage be bidirectional,
as the energy-storage capacitor has to be able to store émengthe first stage and to supply

energy back to the LED string according to instant input powesl.|&everal converters are
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Figure 4.11: (a) A synchronous bucdonverter, and (b) a synchronous boost convert
bidirectional second stage.

feasible for this function. One option is synchronous converters.s§nchronous buck converter
as bidirectional second stage is shown in Fig. 4.11(a), whil@ehronous boost second stage is
in Fig. 4.11(b). For both converters, their high-side and low-satesistors switch on and off
complementally within every switching period. As they alwagsrate in continuous conduction
mode (CCM) while the inductor current can become negative, enargpe delivered in both

directions.
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4.4.3 Reducing switching loss on the second stage

According to Eq. 4.1, it is possible to reduce required energy-stamaupgcitance by
increasing voltage on the capacitor. However, high voltage leasignificant increase of power
loss, especially switching losses. In order to limit power @sshe bidirectional second stage,
techniques like soft switching may be employed.

Switching loss is normally a major power loss concern for katage applications [5,
42, 43]. This type of loss occurs at the instants of switchesmgion. Besides the power loss
due to charging or discharging parasitic capacitance at thtehsvg node, reverse recovery
effect of diodes may also cause a huge loss. When a conducitggisliforced to go off, it takes
a short period to remove the charge stored in the diode semiconductamunamely, reverse
recovery charge. During this period, the diode stays forward biasedhasdarge voltage is
placed across the switch/switches turning on, resulting in significant posgefThis type of loss
can be eliminated with operation in DCM. When a converter operatB<CM, the inductor
current reaches zero before any switch is turned on, thus no dede I forced off. Although
operation in DCM eliminates power loss associated with diodersevecovery effect, the
remaining switching loss, which is related to the parasapacitance at the switching node, still
exists. When one switch, across which the voltage is non-zemrcedfto turn on , energy is
wasted to reduce this voltage difference, either by chargingohaliging parasitic capacitance.
Thus, switching loss with converters in DCM can still be largpeeially for large parasitic
capacitance, high voltage or high switching frequency situations.

One popular solution to eliminate switching loss entirely is thessatching technique,
which employs the resonance between inductors and parasitic oepaoitmanipulate the

switching-node voltage, thus to achieve zero-voltage turn-on ofuhitehes [5]. Take the
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synchronous buck converter as an example of a soft switching opef@t®schematic of the

converter is shown in Fig. 4.12(a), and the waveforms of high-side D §jate-to-source
voltagevgsy low-side MOSFET gate-to-source voltagss, inductor current. and switching-
node voltagess are shown in Fig. 4.12(b). During time inter¢glthe high-side MOSFETF, is
conducting, and the inductor current gradually increases. Duringtéeal t,,, whenS, has
been turned off whil& has not been turned on, the indudtaesonates with the switching node
capacitorCs, which decreases the switching-node voltagedown to zero. Consequently, the
low-side MOSFETS may be turned on with zero across voltage, thus with no switchieg los
Similarly, resonances may be utilized to achieve zero-vottageon for the high-side MOSFET.
To guarantee that; can reach input voltage by resonance, the inductor current haskoarea
certain negative value in order to chaf@go V| eps As shown by the waveforms in Fig 4.12(b),
the inductor current has to be positive for high-side to low-sidessofching and negative to
achieve soft switching for low-side to high-side transition.aAgesult, the ripple on inductor
current has to be larger than the average inductor current.

Although with the capability to remove switching loss, the sefitching technique
enlarges inductor current ripple, and thus results in larger coodulctss. This drawback,
however, is not a big issue for LED lighting application, whose loaliaductor currents are

normally small.



70

Dp
l—K—l i L
1% 1 ¥ > rBE0
+ Ts + +
th
VLEDs tl—lE}L Dy Cs== Vs VescT= Ces
S
O
@)
VGsh | | |
es L[]
. N
%/ W/
LU TL R
(b)

Figure 4.12: (a) Synchronous buck converter ands\i)ching control signal, inductor curr
and switching node voltage for soft switching.

4.4.4 Reducing transient ringing with initial duty cycle estimation

As shown in Section 4.4.1, the ability of the LED current ripple corgroicluded in this
off-line LED driver. In order to minimize required energy st@;ag trapezoidal LED current
waveform is targeted, meaning that LED current is regulaied high reference when input
power is large and to a low reference when input power is sasathown in Fig. 4.13. Between

these regulation periods are the transition periods, during whichdtwedsstage is off to reduce
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Figure 4.13Waveforms of input power and LED power, net input current of second stiaq
voltage on energy-storage capacitor.

power loss and the input power is directly applied to LED load)disated by periodt, andty,
in Fig. 4.13.

When the second stage operates in CCM, ringing on LED current ncay at the
beginning of each regulation period, which is due to inrushing inductentumcluding large
variation and/or non-zero average value on inductor current.

The inductor current is under control in quasi-steady state, whichsntiea second stage
operates very close to a steady state during every sharti pelnien voltages on the LED string

and the energy-storage capacitor are almost constant. In thishmaggegral of volt-seconds on
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the inductor is approximately zero; thus, no large variation o@utble inductor current under

this condition. Otherwise, a non-zero integral of volt-seconds camm®Esuous increase or
decrease of inductor current and may result in large spikes orethelrrent. With volt-second
balance on the inductor, the relation of duty cycle and voltages drEfbestring and energy-
storage capacitor can be derived. The corresponding relation for thesboostl stage is shown

in EQ. 4.11, which coincides with the conversion ratio of boost converter in CCM.

(4.11)

Thus, a proper initial duty cycle is necessarydach regulation period to prevent inrush
inductor current and ringing. As shown in Fig. 4.t8 voltage on the energy-storage capacitor
stays unchanged during the transition periods. eletiee final duty cycle of one regulation
period seems a good choice to be the initial dytglecfor a following regulation period.
However, an adjustment on the duty cycle is necgssince the LED string voltage does
change, which is due to different LED currents f@o sequential regulation periods. From
Eq. 4.11, it can be derived that the adjustmerdudy cycle of boost second stage is equal to

_ AV eps

Ad = (4.12)

VESC
Although a proper initial duty cycle achieves vedicond balance on the inductor, thus
preventing large inductor current variation, anuitable initial inductor current can still cause
spikes on LED current, especially when large rippldesigned to be on the inductor current. As
shown in Fig. 4.13, the net input current of theosel stage should always start from zero in
each regulation period. However, when an initiglydrycle complying with Eq. 4.11 is applied,
a non-zero average inductor current results andsléa spikes on LED current, as indicated in

Fig. 4.14(a). In order to tackle this issue, a -tiafle conduction period is added before the
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Figure 4.14: Waveforms of secosthge inductor current (a) without and (b) with itiddal
half-time conduction period indicated asd)I~/2.

normal operation in each regulation period, as showFig. 4.14(b). With this approach, the
average inductor current is set to be zero foffiteeswitching period of each regulation period;

thus, no spike results on LED current.
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4.5 Experimental results

A prototype was developed to verify the performantehe proposed techniques and
control approach experimentally, with the schemakiown in Fig. 4.15. A two-stage system
was implemented for the experiments, with a boosterter operating in CRM as the PFC first
stage and a synchronous boost converter as thediidnal second stage. A commercial PFC
control chip is used in the first stage, while #econd stage is controlled via FPGA and
corresponding sensing circuitry and analog-to-digibnverters (ADCs). A simple RC filter is
used to convert digital output from FPGA to anasignal vs,, which is fed back to the PFC
controller to manipulate the input power. The majevices used in the experiment are shown in
Table 4.1, and the major component values are sliowiable 4.2. Two different PFC control
ICs are used to achieve PF = 1 and PF = 0.9, riégplgc It can be seen that no electrolytic

capacitor is used. The energy-storage capacitgris only 8 uF thanks to the bidirectional
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TABLE 4.1 MAJORDEVICESUSED INEXPERIMENT

Device Part Number Description
FPGA XC3S500E Xilinx Spartan 3E
S, Sh S FDD5N50F N-channel MOSFET, 500 V, 3.5/A
D, ES3G Diode, 400V, 3 A

FANG961 Constant on time CRM

PFC controller L6562AT Ig?]?rs(;ltlon mode with input current
ADC AD7825 8-bit 4-channel multiplexed
HB driver FAN7382 Half bridge driver, 600 V
LED Luxeon K2 700 mA

TABLE 4.2 MAJORCOMPONENTSUSED IN EXPERIMENT

Component Description Parameter
L¢ Input filter inductor 56QuH
C Input capacitor 0.41dF, 250 V, film
L First stage inductor 33H
L Second stage inductor 106
Ces Energy storage capacitor ug, 700 V, film

second stage. Although the double-line-frequenaplei is filtered byCes with the second stage,
another capacito€ gps is parallel with the LED string to filter the swhiting frequency ripple.
The estimation of required capacitance @rps is provided in Appendix C. The average
switching frequency for the first stage is arour kHz, while the frequency for the second
stage is approximately 400 kHz. The line voltagéd® V,. at 60 Hz, and the load is a 200 V

LED string with current of 0.5 A.

First stage operation
Only the PFC stage is included in this test, withaaditional 600 pF bulk capacitor

parallel to the LED string to limit the LED currewériation. The waveforms of rectified line



76

TP oo 1o 1115205
......... Vit (10OVIDiV)
1+; .............................. ......
- ; ;I s (1A/div)
i ARSI SRTUVRNE NS WU W RN SNSCE T O 0 0 ::::5,:::5::::5::::5::::
V| eps (100V/div)
- | iLep (500mA/div)
Chi 0oy B Chz 1.04 L= M 4 Ormne S00KS,: 2 0usht
Ch3 S00mé & Ew Chd 100y Eiy A& Line r 148 Y

Figure 4.16:Waveforms of rectified line voltage, ac line cuitellED string voltage and LE

current for PFC stage experiment. Addition bulkamajor is used to reduce LED current ripple.

voltage Viec, ac input current,,, LED string voltageVi eps and LED current gp are shown in
Fig. 4.16. It can be seen that ac line currentinsseidal and in phase with the ac voltage,
indicating good PF, which is measured to be 0.99% power loss of PFC stage with 200 V

0.5 A load is measured to be approximately 3.5 W.

Two stage operation

A bidirectional boost second stage is then testgdther with the PFC stage, while the
600 uF capacitor is removed and the energy stagfirished byCes shown in Fig. 4.15. An
capacitorCegs = 8uF is large enough for energy storage to removeethtge double-line-
frequency power ripple from LED current, while limg the capacitor voltage to less than 400 V.

The waveforms for rectified line voltagges, ac input curreni,, energy-storage capacitor
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voltagevescand LED current gp are shown in Fig. 17(a) for zero LED current rgpphse, and

the corresponding waveforms for inductor currents ia Fig. 17(b). The first-stage inductor
currenti ; shows a sinusoidal envelop which is in phase thi¢hrectified ac voltage, indicating
good PF and large input power ripple. With the apen of the bidirectional second stage, there
is no double-line-frequency ripple on the LED catreas the low frequency power ripple is
filtered. The voltage on the energy-storage capaeiscincreases around peak input power, as
the excess power is being stored in the capadtalyvesc decreases around zero input power,
indicating energy in the capacitor is releasech®UtED string. Fig. 17(b) also demonstrates the
inductor current for the second stage whose average value is in phase with the inpwigpolt
can also be seen thab crosses zero within every switching period, whishdue to soft
switching. The measured power loss is 6 W for thire system when the output power is

100 W.

LED current ripple control

The function of ripple control is also experimehtaésted, with a command of +/- 30%
ripple on LED current. The corresponding waveforane shown in Fig. 4.18, including the
second-stage inductor currentand the LED curreritep. The second stage operates only when
the input power is around its upper and lower &laeiring which intervals the LED current is
regulated to either high or low reference value\agg the voltage on energy-storage capacitor,
increases or decreases correspondingly. When tomdetage stops operation, the input power
is directly applied on the LED string amgkc stays unchanged. When the final duty cycle of the
last regulation period is adopted as the initialydeycle of a new regulation period, ringing

occurs on LED current, as indicated in Fig. 4.18Ringing can be removed, as shown in
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Figure 4.17: Waveforms of (a) rectified line vokagc line current, energpforage capacit

voltage, LED current and (b) inductor currents floe two-stage LED drivewith zero LEL
current ripple at double-line frequency.
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Figure 4.18: Waveforms of rectified line voltageduictor current of second stage, energy-
storage capacitor voltage and LED current for the-stage LED driver with +/30% LELC
current ripple at double-line frequendihe final duty cycle of last regulation period isedtly
adopted as initial duty cycle for a new regulatmeriod in (a). The intial duty cycle is furtl
adjusted according to LED string voltage variatioiib).
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Fig. 4.18(b), when the initial duty cycle is furthedjusted by\d according to LED string oltage

variation as defined in Eq. 4.12 and the addifidvadf-time conduction period,. Compared to
the waveforms in Fig. 4.17, the voltage swinggfcin Fig. 4.18 is smaller, indicating reduction
of energy storage; thus, a smaller energy-storagaaitor can be adopted by allowing larger
ripple on LED current. Calculations predict aulB{ilm capacitor would be sufficient for energy

storage when 30% ripple is on the LED current, &kéeping/escat less than 400 V.

Start-up

The start-up waveforms are shown in Fig. 4.19,udiclg rectified line voltage, ac line
current, LED current and energy-storage capacittiage. It can be seen that the ac current
increases gradually until the LED current reachegtarget value during the start-up period. This
soft start behavior is realized by giving the PR&ge a slow-increasing power command after

power up.

Experiment with constant input current approach

Similar experiments are conducted when a constguit icurrent is achieved for the first
stage. A commercial transition-mode PFC controisi@tilized, while a constant voltage, rather
than scaled input voltage, is used to shape thd icyrrent. The resulting rectified input voltage
Viecty @C INpUt currenty., voltage on energy-storage capacugys LED currenti_gp and inductor
currents for the two stag@s andi , are shown in Fig. 4.20. It can be seen that thatiourrent
for the first stage is constant within each douie-frequency period. The measured PF is
approximately 0.91, which matches well with the otfietical prediction and meets the

requirement by standards. Ringing occurs on actiopurenti,. around zero crossing of input
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Figure 4.19: Start-up waveforms of rectified lineltage, ac line current, energierag:
capacitor voltage and LED current for the two-steg® driver.

voltage, which is due to the sharp transitionigfand could be removed if a function of
maximum on time is included in the control IC.

As shown in Fig. 4.20, with the operation of thditgctional second stage, the double-
line-frequency ripple is removed from the LED cutras the ripple power goes to the energy-
storage capacitor. The capacitor voltage: increases when input power is large and decreases
when input power is small, indicating the storingd areleasing of energy. Compared to the
waveforms in Fig. 4.17, the variation ®pscis smaller, which is the result of reduced energy

storage.
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Figure 4.20: Waveforms of (a) rectified line vokagc line current, energpgorage capacit
voltage, LED current and (b) inductor currentstfee two-stage LED drivaewith constant inpt
current on the first stage and zero LED currergleégt double-line frequency.
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Figure 4.21: Waveforms of rectified line voltage; @put current, energstorage capacit
voltage and LED current for the two-stage LED driwéth constant input current and 80%
LED current ripple at double-line frequency.

When ripple is allowed on the LED current, the m&dn of energy storage is even more
significant. The waveforms of rectified line volegggac line current, voltage on the energy-
storage capacitor and LED current are shown in &@l, with constant input current for first
stage and 30% ripple on the LED current. As thétian of LED string voltage is considered to
adjust the initial duty cycle of each regulatiorripé, there is no transient ringing on the LED
current. It can be seen that the swingvesis largely reduced, resulting igscless than 300 V
all the time. As a result, a smaller energy-storegacitor could be adopted. Fig. 4.22 shows the
waveforms when a 2.2F film capacitor is used for energy storage. It banseen thatgscis

kept less than 400 V in this case.
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Figure 4.22: Waveforms of rectified line voltage, imput current energy storage capaci

voltage and LED current for the two-stage LED driwgth constant input current aid®% LELC
current ripple at double-line frequency. A 2iB-film capacitor is used for energy storage.

Although the constant input current approach mlesia simple solution to achieve
sufficient PF and reduced energy storage, thiscaabrleads to large ringing on ac input current.
The input current, which is constant after the dibdidge, contains hard transitions from the ac
side. As a result, large oscillation occurs at pwueansition of ac input current, as shown in
Fig. 4.20 and 4.22. These oscillations can be shbted by mitigating the ac current transition,
which can be achieved by reducing input currentiiadozero crossing of line voltage. For a
transition-mode PFC controller, a scaled rectified voltage is utilized to shape input current in
order to achieve a high power factor. When a comstaltage is utilized rather then the scaled

input voltage, the resulting current is constartticly can achieve PF = 0.9 with reduced energy
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storage. In order to remove the oscillation on m@gui current, the constant input current

reference should be modified.

In order to achieve a modified constant input entrreference, a voltage divider is
utilized to generate the scaled input voltage didmainput current reference, while a Zener
diode is parallel with the bottom resistor. Witlisticonfiguration, the input current is clamped
with a constant value when line voltage is highd eaduces around zero crossing of line voltage.
Hence the shape of the input current becomes ttoSeapezoidal.” The resulting waveforms
are shown in Fig. 4.23. It can be seen that thdlatsans in the ac line current are removed.
Meanwhile, this approach also improves input PHclvis measured to be 0.96. However, the
required energy storage is slightly increased asade-off. With the same energy-storage
capacitor of 2.2.F and 150 mA LED current ripple, in order to limitsc below 400 V, the
average LED current with trapezoidal input currapproach cannot exceed 450 mA, which is
slightly smaller than the 500 mA average curreriig 4.22.

In the method shown above, a voltage divider addreer diode are utilized to generate a
trapezoidal input current reference, thus avoidaeginput current oscillation for the constant
input current approach. The oscillation can alsadmoved when an ability of maximum on-
time is included in the PFC controller. Hence, atrdler with inductor current control ability
and maximum on-time (duty cycle) is capable to enpént the proposed PFC with trapezoidal
input current.

A comparison of required energy-storage capacitamith various techniques is
presented in Table 4.3, with the assumption of 20QED string at 500 mA current. The
techniques considered here include constant inpuemt approach, allowing LED current ripple

and bidirectional second stage. As show in Tab8& the proposed techniques are able to
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Figure 4.23: Waveforms of rectified line voltage;, iaput current, energstorage capacit
voltage and LED current for the two-stage LED driwéth modified constant input current and
30% LED current ripple at doulbe-line frequency.2&-uF film capacitor is used for enel
storage.

effectively reduce required capacitance. Although tated voltage of energy-storage capacitor
increases as a trade-off, the reduction of capamtas significant enough to limit cost increase
for utilizing long-life capacitors. Compared withet cases when electrolytic capacitors are
necessary, those drivers with film capacitors apeeted to provide much longer life time which

is compatible to LED devices.
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TABLE 4.3 REQUIREDENERGY-STORAGECAPACITANCE WITH VARIOUS TECHNIQUES'

Al ep nd . CES Typical CES**
PF /LD 2" Stage Requirement (UF) | Type \%’[:ted (V) | Size (mm)
1 | 30% | No 120 | Electro. 250
0.9/ 30% | No 79 | Electro. 250
1 0 Yes,Vesg 250~400 V 7.4 | Film 450 31.5%x22x36.5
090 Yes,Vesg 250~400V | 4.5 | Film 450 26.3x13.8x21.1
0.9 30% | Yes,vesg 250~400 V 2.2 | Film 450 26.33x10.6x18

*lLED =500 mA,VLEDS =200V
**based on component information on digikey.com

4.6 Conclusion

This chapter presents several techniques to reeluesyy-storage capacitance in off-line
LED drivers, so as to replace the electrolytic c#tpes with high-quality alternates for longer
lifetime at reasonable cost. The constant inputeciirapproach reduces the required energy
storage by one-third when compared to the unityc&$e, while meeting the PF requirement for
lighting products. When certain ripple is allowed bED current, the current waveform is
manipulated to be trapezoidal, thus minimizing rexlienergy storage. The required energy-
storage capacitance is significantly reduced byodgking the capacitor from LEDs with a
second stage, whose power loss is limited withbideectional structure. All these techniques
are combined and verified experimentally, with thsult provided in this chapter. For a 200-V
500-mA LED string, when PF = 1, energy-storage capace is less than 8 to achieve
constant LED current, while the capacitor voltagesmaller than 400 V. With constant input

current and 30% LED current ripple, the capacitasciirther reduced to 2.2F for the same

system.



CHAPTER V

MODULAR AC-DC LED DRIVERS BASED ON SERIES-INPUT STWRCTURE WITH

REDUCED ENERGY STORAGE

The series-input structure provides an opportuitgpply low-voltage integrated circuits
(ICs) and components in high-voltage applicatidfgh proper design, a high input voltage may
distribute evenly between several modules thatsarally connected from input ports. With
reduced rated voltage, integration of semicondudesices becomes much easier. Meanwhile,
the low-voltage cells can operate at high switchiregjuencies with low-profile, light-weight
inductors and capacitors. All these advantages tieddgh-level monolithic integration, which
matches well with the miniature LED devices.

It is of significant interest to extend the appiica of series-input techniques to off-line
LED systems. For off-line LED applications, stard$arequire a high power factor (PF), which
normally leads to bulk electrolytic capacitors tidtef input power ripple. The short-life
electrolytic capacitors, although providing larggpacitance at low price, place a hard limit on
the overall lifetime of LED lamps. On the other daii the input power ripple is directly passed
to LED load, the resulting large current rippleds@o problems such as flickering or degradation
of LED lifetime, neither of which is desirable.

In order to avoid electrolytic capacitors in offidi LED applications while limiting the

LED current ripple at the same time, several tegies can be applied to reduce required



89
energy-storage capacitance. The constant inpugrduapproach achieves PF = 0.9, which meets

requirements while reducing the required energyag® by approximately one-third when
compared to the case of PF = 1. The bidirectioeabsd stages reduce the energy-storage
capacitance by decoupling the capacitors from LEdDE] provide a possibility to limit power
loss on the second stages, which process onlyHassone-third of the LED energy.

This chapter presents an approach to combine tiesseput structure and reduction of
energy-storage capacitance in off-line LED driv@ree concepts of the series-input structure
and the common duty cycle approach are reviewe8ection 5.1. Section 5.2 presents the
approaches to reduce energy-storage capacitamtadliimy the constant input current approach
to reduce input power ripple and the bidirectiosetond stages to reduce capacitance. More
details on the design of system control loops ao@iged in Section 5.3. The experimental set-

up and results are presented in Section 5.4, actib8é.5 concludes this chapter.

5.1 Off-line LED driver based on series-input structure

Series-input structure provides an approach toceedwltage stress on devices in high-
voltage applications. The system diagram of arioéfLED driver based on series-input modules
is shown in Fig. 5.1. The system is composed vetresal modules, which are serially connected
from the input ports and share the same input fdted rectifier. Each module has an individual
output port and drives a sub-string of LEDs. Althbuhe numbers of LEDs in the modules do
not have to be identical, it is good to balancepiner on each module by evenly distributing the
LEDs. The ideal behaviors of this system in stestdye include distribution of the input (line)

voltage and the regulation of all the LED currents.
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Figure 5.1: An off-line LED driver based on serieptt structure.

The common duty cycle approach described in Chdptprovides a simple solution to
distribute input voltage and to achieve output eofrrcopying. In steady state, a converter
operating in continuous conduction mode (CCM) bekalike a “dc transformer”, whose
conversion ratio is determined by the topology daty cycle. Consequently, converters with the
same topology operating in CCM with identical dafcle have the same conversion ratio. The
steady-state model of these converters in serpg-iconfiguration is provided in Fig. 5.2. With
identical conversion ratios and the same inputetirm steady state, their output currents are
naturally equal. Meanwhile, the input voltage istdbuted among the modules according to the
ratio of output voltages, which, in this case, theeLED sub-string voltages. As a result, only one
control loop is necessary for this system, leadon@ master-slave configuration. As shown in

Fig. 5.2, the single master cell regulates its &&D current and generates a duty cycle. All the
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Figure 5.2: Steady-state model of modular converteith seriesnput configuration ar
common duty cycle.

slave cells adopt the same duty cycle from the enasichieving the automatic input voltage
distribution and output current copying.

The common duty cycle approach can be applieériessinput structure in off-line LED
drivers as well, given that certain requirements r@et: they must possess the same converter
topology, operation in CCM with an identical dutycte. Although it is easy to guarantee same
converter topology and an identical duty cycle,dbsverters may enter discontinuous conduction
mode (DCM) when the input voltage is very low. Thieblem, however, should not disturb the
input voltage distribution too much if the systesrwiell balanced and the DCM period is short

enough. Furthermore, when high PF is achievedinimat power is typically very small around
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the zero crossing of input voltage, which helpsuoedthe disturbance due to DCM operation

during this period.

5.2 Reduction of LED current ripple

As described in Chapter IV, off-line LED applicai®are required to achieve high PF,
which leads to large ripple on input power. Meargmall ripple on LED power is preferred
in order to avoid problems such as flickering oDLiHetime degradation due to thermal cycling.
Hence, energy storage is necessary to filter thatipower ripple, and is often realized with
capacitors. In order to utilize long-life capac#tarhile maintaining reasonable cost, required
energy-storage capacitance should be reducedhélechniques presented in Chapter IV can be
applied to series-input structure. Adjustments reeeessary, however, to maintain the merit of

low voltage rating for series-input modules.

5.2.1 Reducing input power ripple with the constant input current appoach

As described in Chapter 1V, it is possible to rezlumput power ripple of off-line LED
applications with the trade-off of lower PF. By végfing the input current to be constant, a PF =
0.9 is achieved, which can still meet the requineinieom Energy Star program. The input and
output power waveforms for PF = 1 and PF = 0.9samvn in Fig. 5.3, in which the shadowed
areasEsioreq represent the required energy storage within eatfdine cycle to achieve constant
LED current. By adopting the constant input currapproachEsioreq iS reduced from 32% to

21% of total input energy.
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Figure 5.3: Input and output power waveforms fQrga LED driver with PF = nd constal
LED current, and (b) an LED driver with constanpun current (PF 9©.9) and constant LE
current.

A non-inverting buck-boost converter is selecteihtplement the constant input current
approach due to its wide range of conversion réttee schematic of the circuit is shown in
Fig. 5.4. In order to meet the requirements forabmmon duty cycle approach, the indudtor
should be large enough to guarantee CCM operatitnirnthe major period of each half-line
cycle. A sensing resistd®y converts the inductor current signal to a voltaggmal. The mid-
point of this signal is sampled to represent theragye inductor current, which is multiplied with

the duty cycle to generate input current inforntati& control loop is built to regulate the input
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Figure 5.4: A non-inverting buck-boost convertethwnput current regulation.

current to a reference signal.er, which should be constant within each half-lineleyin order
to achieve a PF of 0.9. With this approach, sudfitiPF for LED drivers is achieved while
required energy storage is reduced by one-thirdpemed to unity-PF case. The input power is

controlled by adjustingn rer.

5.2.2 Reducing energy-storage capacitance with bidirectional second stages

Although the constant input current approach isabég of reducing input power ripple
by a large portion, the remaining LED current rgop# still considerable. To further reduce the
LED current ripple, a second stage can be adoptethke full use of energy-storage capacitance,
as described in Chapter IV.

The required capacitance for energy storage caalbalated from

2Estored _ Estored (5 1)
2 2 J .
Vesc peak —Vescvalley  2VEscAVEsc

Ces=
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where Egiored IS the required energy storage within one inpukgrocycle, Vesc peak VEsc valley

VescandAVescare the peak, valley, dc value and ripple of thergy-storage capacitor voltage,
Vesc peal= Vesc+ AVEsc Vesc,valley= VEsc— 4Vesc When the energy-storage capacitor is directly
parallel with the LED string, very smallVesc is allowed because a small variation on LED
voltage leads to a large change on its currenta Assult, the required capacitance can be very
large. When the capacitor is decoupled from the Ldifhg, much largerVesc is allowed,
which can reduce the required capacitance signifiza

In order to limit the disturbance of second stages the series-input system, a
bidirectional structure is adopted, which keepsltE® strings at the output of PFC stages and
places the energy-storage capacitor at the outpsamnd stages, as demonstrated in Fig. 5.5.
With this configuration, the common duty cycle agaurh is still applicable, given that the PFC
stages operate in CCM for most of the time andrtpet voltage will still distribute according to
the ratio of LED sub-string voltages. This bidiienal structure also helps limit the power loss
associated with the second stages, as only thie qggpver is processed by the second stages.

Although an ideal LED driver is assumed to achieeastant LED current, a small
percentage ripple on LED current may not cause neh trouble. Allowing certain LED
current ripple helps reduce energy storage, wisickery useful when the available capacitance is
limited. Under some requirements of ripple percgesathe LED current should be manipulated
in a certain way to minimize the required energyage.

The waveforms of input and output power for an LEiver with PF = 0.9 and LED
current ripple are shown in Fig. 5.6(a), with tiadowed areas indicating the energy stored in
and released from the capacitor within one ha#-loycle. As the LED string voltage is almost

constant, the waveform of LED current has the sinshape of LED string powereps, Which is
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Figure 5.5: An LED driver with PFC first stage dmdirectional second stage.

close to “trapezoidal” and in phase with input powi can be seen that the input power
waveform is “chopped” only around its peak or wglleesulting in the LED string power at the
regulation boundary for most of the time. In thisywthe minimum energy storage is achieved for
certain LED current ripple. Fig. 5.6(b) demonstsatee percentage of energy stordgi@yed Ecycle

for different LED current ripple values, wheg, is the total input energy within one half-line
cycle. The maximum required energy storage, whighpkens with zero LED current ripple, is
approximately 21% of the total input energy. Wh&343ripple is allowed on LED current, the

required energy storage decreases to about 108€ ¢dtal input energy.

As the energy-storage capacitor has to be ablbgorl energy from the first stage when
input power is high and to supply energy back ® ItED string when input power is low, the
second stage has to be bidirectional. Several ctrgewith different topologies are capable to
realize this function. In order to remain low ratextage, which is the purpose to use series-input
structure, a bidirectional buck converter is se@ctwith the schematic shown in Fig. 5.7(a). As
switching loss is not a major issue for low voltagecuits, the second stage converter is

determined to operate in DCM. When the input powéairger than the required value, the excess
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Figure 5.6: (a) Input and output power wavefornrsafio off-lineLED driver with constant inp
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the total input energy within one half line cydej different LED current ripple values.

power goes through the second stage to the capa&goshown in Fig. 5.7(b), the low-side
transistorSy is kept open, and the second stage operates askacbnverter. When the input
power is less than required, the high-side trams®t, is kept open, and the second stage operates
as a boost converter from a reversed directioratesfer energy from the energy-storage capacitor
to the LED string, as shown in Fig. 5.7(c). Thekaaod boost operation modes within one half-

line cycle are indicated in Fig. 5.7(d).
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The purpose of the bidirectional second stage fdtéo the double-line-frequency power
ripple. This function can be realized by regulatihg LED current with the second stage. When

the LED current, thus LED power, is regulated, &xeess input power ripple naturally goes
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through the second stage to the energy-storageitapas the second stage operates in either
buck or reverse boost mode with the potential fifeent LED current reference, the ability for
mode selection should be included in the secorgestantroller, whose block diagram is shown
in Fig. 5.8. The high and low references for theDLE&uUrrent are calculated with LED current
command ep,cmg@nd ripple commantep ipple. The mode selection can be realized by detecting
and analyzing LED current erg,; and duty cycled, which together carry the information of
instant input power level. When input power is &nough, buck mode is selected with the
high LED reference signal. The duty cycle is getegtdor high-side transistor while low-side is
off. Boost mode is applied with low LED referenegrnal when input power is low. High-side
transistor is kept off while low-side is driven tithe duty cycle/ss, The detail circuit diagram

for buck and reverse boost mode are shown in F2g. 5
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Figure 5.10: Off-line LED driver based on serieptihstructure built with two-stage modules.

5.3 System control loops

The system diagram of an off-line LED driver basedseries-input-connected two-stage
modules is shown in Fig. 5.10. The modules areakgrconnected from the input ports, and
share the same input filter and rectifier. Each a@dontains two stages: a PFC first stage and a
bidirectional second stage.

In order to achieve automatic input voltage distiidn and LED current copying, all the
PFC stages use the same duty cycle, which is gedeby the single master module and then
adopted by all the slave modules. Different from tommon duty cycle in the PFC stages, the
control loops associated with the second stagesarducted locally within each module. At
least two local control loops are included in eawbdule. One of them is to regulate the LED
current, while the other is to balance the stoned leased energy through the second stage,

which can be realized by adjusting the average kHiPent to stabilize the voltage on energy-
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Figure 5.11: Control loops for the twatage LED drive modules, including LED cur
regulation, energgtorage capacitor voltage regulation and input paeetrol. The input pow:
control is for master module only.

storage capacitors. One additional loop is necgg$eathe master module to control the average
input power, which can be realized by regulatingrage LED current according to the external
LED current command. These control loops are detreesl in Fig. 5.11, where the dashed
lines indicate the power control loop that is spedor the master module.

As indicated in Fig 5.11, four control loops ardizeed for the master module, including
PFC, LED current regulation, energy-storage capaorbltage regulation and input power
control. It is possible to simplify the control lo® for the master module by regulating LED
current with external current command directly. k\ehile, the input power reference is
generated by regulating voltage on energy-storageator. The resulting control loops for
slave and master modules are shown in Fig. 5.12renvinree control loops are required for the

master cell.
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Figure 5.12: Control loops for (a) slave modulesl g¢b) master module in a seriepul

modular LED driver.
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TABLE 5.1 MaAJORDEVICESUSED INEXPERIMENT

Device Part Number Description
FPGA XC3S500E Xilinx Spartan 3E
Diode PDS540 Schottky, 40V, 5 A
MOSFET STN3NFO6L N channel, 60V, 4 A
ADC AD7825 8-bit 4-channel Multiplexed
HB Driver LM5101 Half Bridge Driver
Isolator ISO7221 Dual Digital Isolator 2 MSPS
LED Luxeon K2 700 mA

TABLE 5.2 MaAJORCOMPONENTSUSED INEXPERIMENT

Component Description Parameter

Cin Input capacitor 0.4)F, 40 V, ceramic
Ly First stage inductor 224

CLeDs First stage output capacitor B, 40 V, ceramic

L, Second stage inductor 10uH

Ces Energy storage capacitor | 10 uF x 5, 25 V, ceramic

5.4 Experimental results

A prototype was developed to verify the performantdhe proposed techniques and
control approach experimentally, with the schemsttiown in Fig. 5.13. The circuit has separable
converters and load stages to employ the modulafitihe architecture. Each cell is controlled
via an onboard floating FPGA and corresponding iagnsircuitry and ADCs. A two-stage
structure, with four-switch non-inverting buck-bodisst stage and a bidirectional buck second
stage, was implemented for the experiments. Themaavices used are shown as Table 5.1, and
the component values are shown in Table 5.2. Teediages operate in CCM while the second
stages are in DCM. The switching frequency is axprately 780 kHz for all converters. Three

cells were used for the experiment, with eight LEEDd0ad for each.
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Figure 5.14: Input voltage, input current, LED msgrivoltage and LED current of a bubkes
first stage with constant input current regulation.

Constant Input Current Regulation

The first experiment is to test the constant inputent regulation. A single buck-boost
first stage with constant-input-current regulatias,shown in Fig. 5.4, is used in the experiment.
The waveforms of the rectified input voltagg input current;,, output voltage/ eps and LED
currenti_gp are shown in Fig. 5.14. The input current is ratgd to 250 mA over the majority of
the ac line cycle, and reaches zero when the iupliage goes to zero and the duty cycle
saturates. The measured power factor of this tiisuetween 0.93 and 0.95 when the input
voltage is between 20 Vac and 40 Vac, and the geecarrent of an 8-LED string is between

100 mA and 300 mA. The efficiency of this circiatmeasured at approximately 85%.
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Two-stage LED Driver with 0.9 PF First Stage andiBictional Second Stage

An LED drive module with a constant-input-currenstf stage and bidirectional buck
second stage is tested in the second experimesgle&tion of the experimental results is given
here. The experimental results use a module thatd8 LEDs at 15660 mA current, with first
stage output capacitd® gps= 10 uF and energy-storage capacito¢s= 50uF. Waveforms of
rectified input voltagevi,, energy-storage capacitor voltaggc and the LED curreniigp are
shown in Fig. 5.15, demonstrating reduced 120-HP Iddrrent ripple compared to single stage
case. For comparison, a ten times higher capaeitémgproximately 500F) is necessary to

achieve the same LED current ripple reduction withthe second stage, in which case
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electrolytic capacitors are the only practical ckoiThe required energy-storage capacitance

would increase to 760F when the single-stage driver achieves PF = 1. &theiency of this
two-stage driver is measured at approximately 884th an overall efficiency of 80%, first stage
efficiency of 85% and 10% energy processed by ¢aersd stage, the efficiency for second stage
is calculated to be about 77%. When a traditioaataded two-stage structure is used, the second
stage efficiency has to be 94% to achieve the sarerll efficiency when the first stage remains

the same.

Series-input Connected Modules with Second Stages

A series-input system with three modules was implated in this experiment. The master
module utilizes the simplified feedback loop in.Fagl2(b) to regulate LED current and generate
first-stage duty cycle. The slave modules use titg ciycle from the master for the first stage, and
adopt the self-balance method in Fig. 5.12(a) gulege their own energy-storage capacitor
voltage and LED current. The target LED currenil%*50 mA. The input voltages and LED
currents of the three modules are shown in Fig6.5The three input voltages are roughly
identical, demonstrating input voltage distributias shown in Fig. 5.16(a). The three LED
currents are also identical with reduced double-frequency ripple, demonstrating output
current copying, as shown in Fig. 5.16(b). The cedficy of the series-input system is

approximately 80%.
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5.5 Conclusion

An approach to combine the series-input structumek tae techniques to reduce energy
storage is presented in this chapter. An off-lii€DLdriver is built with several two-stage LED
drive modules which are serially connected fromuinports. For each module, LEDs are
connected to the output of PFC first stage, folldviy a bidirectional second stage with an
energy-storage capacitor. The common duty cyclecaah is applied on the first stages to
achieve automatic input voltage distribution andDLEurrent copying. The constant input
current approach achieves PF = 0.9 with small ipowter ripple, while the bidirectional second
stages reduce required energy-storage capacitanteutv disturbing the input voltage
distribution. With the required energy-storage catpace significantly reduced, the LED current

ripple is reduced without using bulk electrolytapacitors.



CHAPTER VI

CONCLUSION

Two major topics are included in this thesis. Thest one is to reduce the size or
thickness of LED drivers, so as to take advantddbeosmall form factor of LED devices and to
offer flexibility for diverse applications. The ses-input modular structure with the common
duty cycle approach provides a relatively easy ogtto achieve this target, by reducing voltage
stress on the components. With smaller rated weltagiegration of semiconductor devices
becomes much easier while converters can oper#tdami-profile and light-weight components,
both of which lead to high-level integration. Anettmajor target is to achieve long lifetimes for
off-line LED drivers, mainly by eliminating shorifé electrolytic capacitors. In order to utilize
long-life but expensive capacitors, the requiregacétance should be reduced to limit cost
increase. Several techniques are addressed inthigsss to minimize required energy-storage
capacitance, while limiting additional cost, powess and control effort.

All of these principles and control approaches aeefied experimentally, with the
results provided in this thesis.

The next section summarizes the contributionbe$e work followed by potential future

research directions.
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6.1 Contributions

(1) Development of the common duty cycle approactséries-input modular systems

The common duty cycle approach can significantigpdify the design of series-input
modular systems. The advantage of series-inputsyst reduced voltage stress on each module.
The resulted circuit can operate at a high frequenith small-sized and light-weight
components even in high-voltage applications, legdo high-level integration and flexibility
for diverse applications. With the common duty eyapproach, input voltage distribution and
output current copying can be automatically achdeivea series-input system, and the control-
to-output transfer function is very close to th&tacsingle converter, and is therefore easy for
system design and compensation. Detail analysds smmall-signal model are provided, which

are also verified with simulation and experiment.

(2) Development of the response procedure to LE@naprcuit failure for series-input modular
systems

When a number of LEDs are series-connected in@dting, the entire string will be off
when a single LED fails and becomes an open cirdiot deal with this risk, series-input
structure provides an approach by shorting thetipptt of the module with open-circuited LED,
So as to keep other LEDs in operation. With thisrapch, the effect of LED open-circuit failure
on system efficiency is mitigated. In order to kebp controller of the “failed” module in
operation so as to short its input port and proadeommunication channel, the controller is
powered from the output capacitor, which is charggaccasional pulses of power injection. A
response procedure is designed and verified tovd&alLED open-circuit failure and implement

occasional power injections.



113

(3) Development of the constant input current appinato achieve PF = 0.9 with reduced energy
storage

In order to replace electrolytic capacitors witgtiiguality capacitors while limiting cost
increase for off-line LED applications, the reqdirenergy-storage capacitance should be
reduced. As LED products are allowed to have P§ tlegn unity, it is possible to reduce energy
storage with the trade-off of lower PF. The constaput current approach provides a simple
solution to reduce required energy storage by bird-tompared to the case of PF = 1, while
achieving PF = 0.9 which meets the PF requiremearighting products. Converters achieving
constant input current, one in CRM (Chap. 1V), &eotin CCM (Chap. V), are presented in this

thesis.

(4) Development of bidirectional second stage®thuce energy-storage capacitance

When an energy-storage capacitor is directly paralith an LED string, very large
capacitance is required due to the limited capacititage variation. With a second stage to
decouple the capacitor from the LEDs, large varaiand high dc value are allowed on the
capacitor voltage, leading to significant reductiohrequired capacitance. Furthermore, the
special bidirectional structure helps limit powess, as less than one-third of the LED energy is
processed by the second stage. Bidirectional sestagks are also utilized in off-line LED
driver based on series-input structure, without disturbance on the common duty cycle
approach. The corresponding design and controloagppes are presented in Chap. IV and

Chap. V.
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(5) Development of the trapezoidal LED current kgppontrol approach

The required energy storage is reduced when riggpkdlowed on LED current. With
certain percentage of ripple, the energy storageimsmized when LED power is in phase with
input power. This can be achieved with relativatyall effort by implementing a trapezoidal
LED current waveform. With this approach, the LEDrent is regulated to either high or low
reference according to input power level, and inpawer is directly applied on LEDs between
regulation periods. The transitions of control n®dee determined according to voltage on the
energy-storage capacitor and LED current. Propialirduty cycles are generated to avoid

ringing at the beginning of each regulation period.

6.2 Future research directions

(1) Trapezoidal input current approach to meet fhand THD requirements while reducing
energy storage

As described in Chapter IV, with sinusoidal inputrent in phase with ac line voltage,
PF = 1 is achieved, whilEsreq the energy to be stored and released in ordechi@ve constant
output power, is 32% of total input energy. Witmstant input current, the achieved PF = 0.9
meets ENERGY STAR requirement, whitgoeqis reduced to 21% of total input energy, which
helps the reduction of capacitance. However, thrsstant input current approach cannot meet
harmonics requirement on lighting products with pogreater than 25 W, which is defined by
IEC 61000-3-2 [44], as shown in Table 6.1.

In order to meet the requirements on both PF adB,Twhile reducing theesioreq the
advantages of sinusoidal and constant input curséould be combined, which leads to a

“trapezoidal” input current approach. With thispeaoidali;, approach, the input current follows
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TABLE 6.1 HarRMONICS, PFAND ENERGY STORAGE FORCONSTANT AND TRAPEZOIDAL INPUT

CURRENT
Harmonics| Maximum harmonic currents limit ¥ Constant, | Trapezoidali, **

[n] [% of fund] (by IEC 61000-3-2) | [% of fund] [% of fund]

2 2 0 0

3 30xPF 33.3 26.4

5 10 20 9.1

7 7 14.3 1.6

9 5 11.1 1.5

11<n<39 3 100/n <1.9

Power factor (PF) 0.9 0.96
Percentag€sored 0.21 0.23

* for lighting products with power greater than\26
** for the case ofi, clamped whemi, > 0.4 x Vin_peak

sinusoidal envelop, envat low input voltage, and is clamped to a constaiuel ¢amp When input
voltage is high, as shown in Fig. 6.1, whékgeakis the peak value df,env In general, as the
clamp valuégamp gets closer tdi, peak (Or clamp period,-t; decreases), a higher PF and a larger
Estored result, while THD is reduced. The threshold to m&elD requirements idcamp >
0.4 x lin_peak (S@ame as the caseiif is clamped wheny, > 0.4xVin_peak Wheniineny is scaled line
voltagevin), which results in 74% clamp time within each Hadé period {>-t; < 74%xTine/2).
The corresponding percentage harmonic currentstexen in the fourth column of Table 6.1. It
can be seen that all the harmonic currents areruhddimits placed by IEC 61000-3-2, while a
PF = 0.96 is achieved with 23% of total input egergbe filtered.

This trapezoidal input current approach providesjportunity to meet the PF and THD
requirements, while reducing required energy s@i@ghe same time compared to the unity PF
case. The key point is to select a proper clamestiold for input current. One option is to
generate a specific trapezoidal envelop for inputent, which can be a scaled input voltage

clamped at a certain level. In order to make theshmd a general solution for universal input
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Figure 6.1: Trapezoidal input current.

voltages, the clamp voltage should be variable raicg to peak input voltage, which might
require additional circuitry, such as peak detectilocks and voltage dividers. Additional
research is necessary to find a simple solutionmplement this trapezoidal input current

approach.

(2) Application of energy storage reduction techuess)to flyback converters

The flyback converter is a popular choice for isigial applications, due to its simplicity
to achieve isolation and wide conversion ratio. ¢éent is of practical interest to apply the
constant or trapezoidal input current approachlgmtk converters to reduce required energy
storage. However, for flyback converters, a coristaput current is much more difficult to
achieve, primarily due to the discontinuity of imgurrent. Analysis is necessary to find a simple

solution for reduction of energy storage in a fighaonverter.

(3) Critical conduction mode (CRM) operation of thidirectional second stages
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When a bidirectional second stage is utilized guce energy-storage capacitance, the

capacitor voltage might be boosted high, which pidély increase switching loss. In order to
avoid high switching loss, soft switching techniguean be adopted, as discussed in Chap. IV.
However, the resultant large current ripple incesasonduction loss, which might be an issue for
high-power applications. Operation in CRM mightdgood compromise between conduction
and switching loss; however, additional researchraquired to apply this technique to

bidirectional second stages.

(4) Individual output current control in series-itpnodular systems

Within a system with multiple LEDs, it is possibleat different drive currents are
required, for instance, for LEDs with different ord. A common approach is to connect the
LEDs in several strings according to their typas] ¢hen control the currents string by string.
These LED strings might be paralleled and powesed &ingle converter in order to reduce cost.
With this configuration, individual current contradan be realized by approaches like
independent regulators in series with each stikgyLLEDs of different types require various
forward voltages, the single converter normally egate the output voltage for the string with
highest voltage. As a result, large voltage droghtresult on the regulators in other strings,
leading to a considerable power loss.

The series-input structure can be applied inghigation to reduce power loss, with each
module powering an LED sub-string. Since differeatrents are required for the sub-strings,
these modules should no longer utilize a commor dutle, but various values according to
necessary conversion ratios. In order to maintggtesn stability, a master-slave configuration

may still be feasible, which means a master celltha authority to increase or decrease the duty
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cycle of all of the modules. Meanwhile, the slaedlscwill be able to adjust their own duty

cycles with a slower speed. Future research isssacg to investigate system stability and

control approach for this configuration.
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APPENDIX A

ESTIMATION OF REQUIRED ENERGY-STORAGE CAPACITANCHEISINGLE-STAGE

OFF-LINE LED DRIVERS

A high power factor (PF) leads to a large doubte-irequency input power ripple,
which results in a huge variation of LED currefitdirectly applied on LED strings. The large
ripple on the LED current not only limits the maxim average LED power under ratings of
components, but also causes problems like flicker I2ED life degradation. In order to limit
LED current ripple, energy storage is necessaryfiftaring the power ripple. The simplest
method of filtering is to parallel a capacitor wttte LED string, as show in Fig. A.1. However,
very large capacitance might be required with ¢oisfiguration.

In order to simplify the estimation of required emestorage capacitance for single-stage
LED driver shown in Fig. A.1, all power loss is teged, while PF = 1 is assumed. The input
voltage and current can be expressed as

Vac(t) = Vae sin(wt), (A1)
iac(t) = I gesin(at) (A.2)
wherew = 2rfiine, fiine is the line frequency. Then, the input power camérived as

Pac(t)= Vaclt (1) =25 2 (1 cod2at)) = Py — Py cod2et), (A3)
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Figure A.1: A single-stage LED driver with PFC andk filtering capacitor.

wherePy = V,dad?2 is the average input power, which is equal t®lddwer.
The voltage on the energy-storage capagitgrcan be expressed as
Ve =V, + ¥, (A.4)
whereVc is the dc value and.is the ripple. The ripple on capacitor voltage @mally small

due to the small dynamic resistance of LED devicesminal operation.

The waveforms of input powex,. and output LED-string powey eps are demonstrated
in Fig. A.2. With the assumption of perfect efficay, p.c andpLeps have an identical average
value, and the peak and valley pfeps locate at the intersections of the two waveforms.
Assuming the valley gb gps 0ccurs at timey, the ripple orpepsis

AP gps = Py coq2aty ). (A.5)

With small ripple on LED string voltage, the LEDroent ripple is approximately

Al LED = M = iCOE(Z(I)’[d ) . (A6)
Vieps  ViEDs

AssumingpLeps is sinusoidal with dc valu,, the waveform op_gps is

PLeDs(t) = Po — 4P eps cod0(t —tg)). (A.7)
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Figure A.2: Input and output power waveforms fairggle-stage LED driver.

So, the energy stored into the capaciigg within one half-line cycle, thEsreqin Fig. A.2, can

be expressed as

Tline /4+td

Estored = I(pac(t)_ pLEDs(t))dt
td
Tline /4+td

- J'(P0 coq2aty )cod20(t —ty ) - Py cod2at))dt (A.8)

ty

= &sin(Za)td ).
[

The storage OEsioregCauses the voltage increase on capa€itgryielding

1 2 1 2
Estored = ECES(VLEDS + AV gps)” - ECES(VLEDS — AV gps)” = 2CEsV| EpsdVEDs - (A.9)

The combination of Eq. A.6, A.8 and A.9 leads to

2 2 2 2
Ces = \/Po ~Alep™Vieps” _ Al LEDVLEDS\/(I Lep/ 4l gp) -1
20V gpsdV EDs 20V gpsdV EDs

V1% -1

4z fiineRLEDS '

(A.10)
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wherey = Al gp/lep IS normalized LED current ripple arfd eps is the equivalent dynamic

resistance of LED string. When LED current rippgesmall, i.e.,y is small, Eq. A.10 can be
further simplified to be

1

Cecr ————. A.ll
= 47z-fline RLEDs]/ ( )

With line frequency of 60 Hz, LED string resistarmieseveral tens ohms, and 10~30% LED
current ripple, Eg. A.11 predicts required energpyrage capacitance of several hundred micro
farads. As a result, electrolytic capacitors becdhgonly reasonable choice, considering the
large capacitance and cost.

Considering the general situation, where the reguenergy storage can be expressed as

P
Estoredgnl = Q'ZO . (A.12)

The parametew is included to indicate possible reduction of gyestorage, which can be the
result of input current shaping or ripple on thelL&urrent.

With Eq. A.9 and Eq. A.12, the required capacitabecomes

Ceouy = Niepsliep _ dliep Al gp
N 20V, gp AV gps  20AV gp Al g (A.13)
— a -
47z-f|ine RLEDsj/

It can be seen that Eq. A.13 is very similar to £d.1, except for the parameterAccording to
Eq. A.13, even when energy storage is reducedsetingired capacitance can still be very large,
especially when small current ripple is targeted.

The large capacitance is mainly due to AMgeps in the denominators of Eq. A.10 and
Eq. A.13, which bringsR epsxy in the final formulas. When the energy-storageacdpr is

directly parallel with the LED string, the allow&dltage ripple on the capacitor is very limited
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due to the small dynamic resistance of LEDs, esfigoivhen LED current ripple reduces. As

the capacitor has to store and release energy wtighgnificant voltage variation, its capacitance

has to be very large.



APPENDIX B

ENERGY STORAGE AND LED CURRENT RIPPLE

When a high input power factor (PF) is achievetirge ripple at double-line frequency
is included in input power. As low-frequency LEDr@nt ripple is preferred to be small, energy
storage is necessary to filter input power rippléferent ripple control strategies result in large
differences in energy storage, even when resuliifig current ripples are identical.

The typical input and output power waveforms fosgpee filtering are shown in Fig. B.1,
with the assumptions of PF = 1 and no power loks.ifiput and output powers can be described
as

Pin (t) = pac(t) =R-FK COS(Za)t), and (B.1)

Pou(t)= Preos(t) = Py — AR o, cof200(t 1, ) (.2)
where B is the average poweap=27/Tiine, Tine iS the line period ant is the time shift between
input and output powers.

The peak and valley of LED power occur at the sgetions of two power waveforms, so
the LED power ripple equals to
AP, ... = P,coq2at, ). (B.3)
With small ripple on LED string voltage, the LEDrpent ripple is approximately

Al gp = % = icos{Za)td ) = liep COE(Za)td )1 (B.4)

VLEDS LEDs
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Figure B.1: Input and output power waveforms fosgpee filtering.

and the percentage LED current is

2=Ble _ coq2at, ).

LED

The energy storage can be derived as

Tline /4+td

stored — I (pac (t) - pLEDs(t))dt

ty
Tline /4+td

E

= [ (R, cod2at, )cog20(t -, ))- P, cod2at))dt

ty

= &sin(Za)td )
a

The total input energy within one half-line perieguals to

Tine _ Ro

line __
P, x —ne _

E

cycle — '
y ®

So the percentage energy storage is

sin(2at,) V1- 22

Estored —

E

cycle T 73
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(B.5)

(B.6)

(B.7)

(B.8)
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Figure B.2: Percentage energy storage for varieosgmtage LED current ripple.

The relation of percentage energy storage anceptxge LED current ripple is shown in
Fig. B.2. The peak energy storage is approxima&ehb of total input energy, which occurs at
zero current ripple. The energy storage is reduwdaeh ripple increases. However, the decrease
is relatively slow when ripple is small.

The relatively large energy storage at low curmgople is due to the large time shift
between input and output powers. For the followingpf, the output power is assumed to have a
fixed ripple but arbitrary time shift compared tgut power, as shown in Fig. B.3. In this case,
the intersections of input and output powers, whicbur at time¢; andt,, are not guaranteed to
coincide with the peak and valley of output powsswever,t; andt, hold the relation of

t) =%+tl. (B.9)
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Figure B.3: Input and output power waveforms withet shift oftg.

In this case, the energy storage can be derived as

t

Esiorea = J- ( Pac (t) ~ Preps (t ))dt

4
Tiine 14+t
= [(APgpscog20(t ~t, ) - P, cog2at))dt (B.10)
t
= Fo sin(2at,) - 2Pteos sin(20(t, - t, ).
a w

The input and output powers are identical at tiéus
P, coq2at, ) = AP, cof2a(t, —t, )). (B.11)

With Eqg. B.11, the energy storage becomes

2

_ Py = AR.eps
stored (P, sin(2at, )+ AP, g, sin(2at, —t,)))

E (B.12)

When the phase shift of output to input power issl¢hanz, it can be shown that
0<2wty<z/2, and #/2<2w(t1-tq)<z/2. Thus, energy storage becomes larger vifecreases, and

the minimum energy storage occurs at zero pha$ie ahshown in Fig. B.4(a).
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Figure B.4: Input and output power waveforms withtme shift for (a) sinusoidaand (b
trapezoidal output current.

However, a special reference is necessary to \ahidsD current waveform like
Fig. B.4(a), which complicates the design. Insteaditrapezoidal” LED current waveform
results in zero time shift between input and oufpawers, and is relatively easy to achieve. As
shown in Fig. B.4(b), two reference values are seagy to achieve trapezoidal waveform. When

input power is larger than the high reference value excess power is stored in capacitor. When
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input power is smaller than the low reference vakreergy is supplied back to the LED string

from the capacitor. The shadowed area in Fig. B.Aébresents the energy to be stored and
released in each cycle. As there is no time shaftvben input and output powers, the energy
storage is minimized for a fixed LED current ripple

The energy storage for trapezoidal LED currentlwaderived as

Tline /4+tc

Estored = .[ ( Pac (t) — Preps (t))dt
Tine /4-t;
Tiine 14+t
= [(~Pycod2at)- P, coq2et, ))dt (B.13)
Tline /4’tc

= &sin(Za)tc )— P, coq2at, )2t,.
w

And the percentage energy storage is

(B.14)

Eqorea _ SIN(2at, ) —cod2at, 2k, _ V1-2* — 2arcco$l)
_ :

E T

cycle
which is plotted in Fig. B.5 with a black line. Foomparison, the percentage of energy storage
for passive filtering is also plotted with a reddi It is obvious that energy storage is smaller fo

the LED current with trapezoidal waveform.
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APPENDIX C

ESTIMATION OF SWITCHING-FREQUENCY RIPPLE ON LED CURENT AND

REQUIRED FILTER CAPACITANCE

The circuit diagram of a two-stage off-line LED v is shown in Fig. C.1, with a first
stage for power factor correction (PFC) and a baional second stage to filter double-line-
frequency power ripple. Although the energy-storagpacitance can be significantly reduced
with the bidirectional second stage, resulting isn@all film capacitoiCgs another capacitor is
necessary to filter the high-frequency LED currapple due to the switching behavior of the
converters. As indicated in Fig. C.1, the filtepaaitor C gps is parallel with the LED string,
with the purpose of bypassing the high-frequenaypmonents on PFC-stage output current and
second-stage input current. Estimation of thesb-friggquency components is necessary in order
to select sufficient capacitance to limit LED cuntreipple.

Assuming double-line-frequency component of inpoiver is perfectly filtered by the
second stage arttks the filter capacitoC eps only has to deal with the high-frequency ripple,
of which the harmonic at switching frequency is thest important for filter design. When the
PFC stage with PF = 1 operates in critical condactnode (CRM), its switching frequency
varies throughout half-line periods, achieving miaom frequency at peak line voltage, which
coincides with maximum inductor current ripple. Té@mbination of low frequency and large

ripple results in worse-case LED current ripple.t®& other hand, the second stage may operate
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Figure C.1: An LED driver with PFC first stage dmidirectional second stage.

with soft switching at relatively high frequencyo@&sequently, the switching-frequency ripple on
LED current is considered primarily due to PFC stag

The longest switching period of PFC stage happéempeak input voltage. As shown in
Fig. C.2, the output current waveform of PFC stageulsated and triangular and with zero
value duringty, which is the low-side transistor conduction peérid®f all the switching
harmonics ofy;, the one at switching frequenty= 14s is of the most interest for the estimation
of the high-frequency ripple on LED current.

The parameters of the waveform in Fig. C.2, inaigdamplitude and periods, can be
calculated with Egs. C.1 ~ C.3. Note that thesgaggns are specifically for boost converters

operating in CRM and with PF = 1.

P

L= 202 (C.1)
IL,pk

ton =\/—2\/— (CZ)

L
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Figure C.2: Output current waveform of boost PRé&! tage.

{ = Vieos (C.3)

s Vieos — Vg on

Around peak line voltaggy is normally close td/ eps, thuston period is comparably
small withints period according to Eq. C.3. Hence, the targembaic component of, at fs
can be estimated with waveformipfin stead of,,. Note that this step leads to overestimation
of switching-frequency harmonic @,

The target harmonic component can be estimateth ftbe waveform shown in
Fig. C.3(a), which is the triangular inductor cuntrevithout double-line-frequency component.
With concrete parameters, like voltages and indoetathe harmonics can be calculated with
numerical method. However, a general approachdtmation will be provided here rather than
a specific answer.

With peak-to-peak amplitude identical to the wawef in Fig. C.3(a), Fig. C.3(b)
demonstrates a triangular waveform with infinitergrasing slope, while Fig. C.3(c) shows one
with identical increasing and decreasing slopes.tfi@ngular waveforms with a fixed peak-to-

peak value, the two in Figs. C.3(b) and C.3(c) amntinimum and maximum magnitudes of

the harmonic component fatwhich are pdn ~ 0.33 pkandip pxd/n® = 0.4 ok, respectively. As
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(c)
Figure C.3: (a) Inductor current without doubleshftequency component, triangular whorens
with (b) infinite increasing slope and (c) identizacreasing and decreasisippes. All thre
waveforms have identical amplitude and frequeeyls.

a result, the switching-frequency harmonic ifiohas a magnitude between 0,32 and 0.4_ .
The lower value is selected here, as it will congaé® the overestimation due to utilizing

rather thang for estimation.
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With the above two steps, the harmonic componengpht switching frequency is

estimated to be
iout@fs ~ 032><iL’pk. (C.4)

A portion of this harmonic component goes to théLdfring, which can be calculated as

_ 1
. 278 Cep . 1 .
| i = S s | = | . C5
LED,ripple 1 N RLED out@ fg 1+ ZMSRLEDSCLEDS out@ fq ( )
ZﬂfSCLEDS °
With Eq. C.2 to Eq. C.5, the switching-frequencyCLEurrent ripple can be derived as
_ 032, .
| ED riople = - : (C.6)
LD 1+ 27 RLEDSCLEDS (\/LEDS B Vg )V g
VLEDSIL,pk

In order to meet certain limits on high-frequenciD ripple, the required filter

capacitance can be calculated from

1 L VLEDs iL,pk(OBZL,pk - iLED,rippIe)

LEDs — :
27 RLEDS (\/LEDS - Vg )\/g ILED,rippIe

(C.7)

When a smaller high-frequency LED current rippleraguired, a larger filter capacit@ieps
should be used. A smaller inductor can help redCiggs by increasing switching frequency.
Reduction of peak inductor current can also helg,, &y adopting the constant input current

approach in PFC stage.



