Multi-Channel Constant Current (M C*) LED Driver

for Indoor LED Luminaries

Haoran Wu

Thesis submitted to the Faculty of the VirginiayRethnic Institute and
State University in partial fulfillment of the regements for the degree of

Master of Science
in

Electrical Engineering

Fred C. Lee, Chairman
Paolo Mattavelli

Daniel Stilwell

Nov 14", 2011
Blacksburg, Virginia

Keywords: Light-emitting diode (LED), Multi-channebnstant current
(MC?) LED driver, LLC resonant converter, Current shgriDimming

© 2011, Haoran Wu



Multi-Channel Constant Current (MC®) LED Driver for

Indoor LED Luminaries

Haoran Wu
Abstract

Recently, as a promising lighting source, light#img diodes (LEDs) have become
more and more attractive and have great opportuisityeplace traditional lighting
sources - incandescent, fluorescent and HID becafidke advantages such as high

luminous efficacy, long lifetime, quick on/off timaide color gamut, eco-friendly etc.

Based on the research from U.S. Department of Enenger 30% of total electric
consumption in U.S. each year is for lighting, 78%which are for indoor lighting
(including both residential and commercial buildihgIn the indoor LED lighting
application, to provide multiple current source puis for multiple LED strings,
traditional solutions usually adopt a two-stagectre, which is complicated and cost-
ineffective. How to design a simple, low-cost arfficeent LED driver with multiple

current source outputs is in great demand andyreldlllenging.

In this thesis, a single-stage multi-channel cartsturrent (MG) LED driver
structure has been proposed. Multiple transforrtractire is utilized to provide multiple
current source outputs. The current control schesnaéso simple - only one LED string

current is sensed and controlled; other stringseots are cross regulated.

Firstly, a PWM half bridge topology is chosen toplement the proposed single-

stage MG LED driver concept. In order to analyze the curi@nss regulation, a general



model is derived. The circuit has been simulatedeurvarious LED load conditions to

verify its good current sharing capability.

In order to further improve efficiency, simplify @hdriver's complexity and reduce
cost, a LLC resonant topology is also investigatddC current gain characteristic has
been derived by considering LED's i-v character amtksign procedure is developed. A
100 kHz, 200 W, 4-string MOLLC LED driver is designed and tested. The experital
results show that the driver can maintain constantent output within the whole input
and output variations, achieve good efficiency asalize current sharing under both
balanced and unbalanced LED conditions. The dimnfumgtion can also be realized

through frequency modulation method and burst noahérol method.

As a conclusion, a single-stage RQ@ED driver concept is proposed and
implemented with two topologies. The proposed igeavides a simple, low-cost and
efficient solution for indoor LED lighting applidgan with multiple LED string
configuration. It also has good current sharingatégy and robustness to LED forward

voltage variations or short failures.
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Chapter 1. Introduction

1.1 Introduction of Light-Emitting Diodes (L EDs)

The history of lighting is as long as human being'story. In ancient times, since
our ancestor learned how to generate lighting sobscfire, the process of civilization
has started. In the year of 1879, when Thomas BEdiseented incandescent, human
being entered into the electric era. Both technplaxgd productivity have been growing

explosively since then.

Edison’s invention of incandescent is definitelgndestone in the exploration of the
lighting sources. On the other hand, however, tibandescent also has several obvious
drawbacks, such as short lifetime (750-1000 holws) efficacy (3-16 Im/W) and fragile

etc.

In 1978, fluorescent has been invented and graduad#d to replace incandescent. A
fluorescent lamp is a gas-discharge lamp which akssricity to excite mercury vapor.
The excited mercury atoms produce short-wave utihat light that then causes a
phosphor to fluoresce and produce visible lightmPared to incandescent, fluorescent
lamps have the advantages of longer lifetime (380@s), higher efficacy (50-67 Im/W),
and lower heat (about 70% less heat compared tandsscent lamps). However,
fluorescent also has a fatal disadvantage — thithhawad safety issue. Mercury has been
used during the manufacturing process of fluorestamps. If a fluorescent lamp is

broken, a very small amount of mercury can contateirthe surrounding environment.



The broken glass is usually considered a greatmartiadhan the small amount of spilled
mercury. Hence, the United States Environmentalteetion Agency classifies
fluorescent lamps as hazardous waste, and reconsntbatl they be segregated from

general waste for recycling or safe disposal.

Later, high-intensity discharge (HID) lamps haveerbenvented. A high-intensity
discharge (HID) lamp is a type of electrical lampieth produces light by means of an
electric arc between tungsten electrodes houseédkimstranslucent or transparent fused
quartz or fused alumina arc tube. Compared to mheseent and fluorescent lamps, HID
lamps have the highest efficacy and usually illiatenstreets, highways, parking lots,
large commercial stores, industrial buildings e®milar to fluorescent lamps, the

halogen used in HID leads to critical environmeatad safety issues.

Due to various limitations and drawbacks of tradial lighting sources discussed
above, a new, clean and efficient lighting sourseurgently desirable and under
investigation for a long time. Recently, light-etimgy diodes (LEDs) has emerged as a
promising lighting source for the future, which éa&n important role in the roadmap of

lighting sources development as shown in Fig. 1.1.
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Figurel. 1 History of Lighting Sources

A light-emitting diode (LED) is a semiconductor Higsource. When a LED is
forward biased, electrons are able to recombiné wiéctron holes within the device,
releasing energy in the form of photons. This effecalled electroluminescence and the
color of the light (corresponding to the energyre# photon) is determined by the energy

gap of the semiconductor. The inner operation pla®f LEDs is shown in Fig. 1.2.
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Figure 1. 2 Inner Operation Principleof aLED

First introduced as a practical electronic componeri962, early LEDs can only
emit low-intensity red light, but modern versionse aavailable across the visible,
ultraviolet and infrared wavelengths, with veryhigrightness and very high current. As
a result, high brightness LED (HB-LED) has becommgre and more attractive to
replace tradition lighting sources such as incarelgslamps, fluorescent lamps and HID

lamps due to the following advantages [1]-[6]:

1. High efficacy

The efficacy of HB-LEDs keeps increasing rapidlyovadays the highest efficacy
of commercial products has already reached 100 IniVel report of solid-state lighting
research and development provided by U.S. Depattwieknergy [7], the efficacy of

HB-LEDs has potential to achieve a two-fold impnoant over some of today’'s most



efficacious white-light sources. On the contraryifera decades of research and
development, for the traditional three lighting sms - incandescent, fluorescent and
HID - there is little room for significant, paradngshifting efficacy improvements, as

shown in Fig. 1.3.
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Figure 1. 3Historical and Predicted Efficacy of Lighting Source

Actually, Cree just announces a white HB-LED wiBl2m/W in the laboratory in
May 2011 [8], which breaks the highest LED efficaegord again. Although this level
of performance is not yet available in commerci&@DL products, it is reasonable to
believe that the performance improvements of LEDy hacome even faster than the

projections.

2. Long lifetime

Compared to traditional lighting sources, the LEase much longer lifetime (over
50,000 hours) and wider operating temperature raAjhough at present the cost of

LED is still high, considering the long lifetimeha LED’s life-cycle cost is still



acceptable. Besides, from the long-term technotitgpelopment point of view, the cost
of LED will be continuously cut down, which makesED become even more

competitive in the future.

3. Quick On/Off time

LEDs light up very quickly, usually under severacroseconds. This character of

LEDs makes it very suitable in automotive applicatand backlighting application.

4. Wide color gamut

LEDs can provide a wider color gamut compared tevipus cold cathode
fluorescent lamps (CCFL) as LED’s color wavelengtlase a higher purity level than
fluorescent lamps. This character makes LEDs a gaodidate in monitor or LCD flat
panel TV's backlight systems [9]. As illustratedRig. 1.4, an LED backlight system
claims a broader range of reds and greens for & extensive color gamut and natural

color expressions, compared to a CCFL backlighsiysgiem.
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Figure 1. 4 Color Gamut of LEDs

5. Environmental friendliness

LEDs are mercury-free components and environmgntaéndly, so that they can

be disposed safely at the end of their lifetime.

As a lighting source, the brightness of LEDs isdily determined by its forward
current. The LED i-v character under different jioie temperatures is shown in Fig. 1.5.
When driven by any voltage smaller than the thrieskholtage, LED is reverse biased
and forward current is zero. Only when the drivirgitage exceeds threshold voltage,
LED is switched on and forward current will increaguickly as forward voltage
increases. The LED shows nonlinear character andngpletely different from resistive

load. In order to simplify the analysis, a piecesavlinear LED model is widely used to



replace the real LED model. The cut-off voltagensstn LED's on-state and off-state is
defined as LED's threshold voltage. The slope withie LED forward biased region is
defined as LED’s dynamic resistance, which is Ugualrelatively small value. As a

result, if driving LEDs with a voltage source, evarsmall voltage variation can cause

large current change, which will affect the brigkgs of LEDs dramatically [10].

As a silicon-based device, LED shows negative teatpee coefficient. In other
words, the LED forward voltage will decrease whenction temperature increases.
From this point of view, driving LEDs with a voltagsource is not desirable either
because even the voltage source can be kept corsiartiemperature change will cause

LED forward current to change under the same fadwaitage.
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Figurel. 5LED i-v Character

To describe the LED's nonlinear i-v character, telationship between LED's

forward current and voltage can be representetidyailowing piece-wise function:

Vo=Va whenV, >V,

0o

0 whenV, <V,



In summary, based on the LED i-v character disausd®ve, a current source LED
driver instead of voltage source is more desiréMegood brightness control. Generally

speaking, there are two common types of LED drigershown in Fig. 1.6.

Vin <

(a) Linear regulator

[ A

1

=
<

Vin

OP |ref \\:
P

(b) Switch mode regulator

Figurel. 6 Two Typesof LED Drivers

The linear regulator is very simple and cost effecto provide current source and
drive LEDs [11]. It also has the advantage of aursharing capability for multiple LED

string configuration by using current mirror. Hoveey the power dissipation on the

10



ballast resistor is large so that this type of L&fiver is usually suitable for applications

with LED forward current less than 100 mA.

Another widely used type of LED driver, the switolode regulator, can provide
independent accurate current control and achiegie éificiency as well [12]. This type
of LED driver is suitable for applications with LEIrward current from hundred
milliameres up to several amperes. However, coshisfLED driving solution is high,
especially for large LED luminaries with dozenseeen hundreds of LED units in which

multiple switch mode LED drivers are needed.
1.2 Review of Traditional LED Driver Solutionsfor Indoor Lighting

Based on the research from U.S. Department of Enéi@], total electric
consumptions in U.S. are over 2390 TWh, 30% of Wwicfor lighting. As a promising
lighting source, the best opportunity and widestkating for LEDs is various lighting
applications, such as indoor lighting, outdoor tigh, industrial lighting, architectural
lighting etc. Among these applications, the indtighting (including residential and
commercial buildings) takes over 75% power consionpt In this thesis, the LED

driving solution for indoor lighting application ggressed and investigated thoroughly.

Fig. 1.7 shows some future indoor applications byng LED luminaries. As the
total lumen demands for such applications increttse,number of LED units in the
whole luminaries also increases, in some cases ®@eor even higher. The forward
voltage of each LED unit is about 3.5V under sevérandred milliamperes to one
ampere current. If all the LED units are connedtederies, the total string voltage will

be several hundred volts, which is a big concasmfthe safety point of view. Moreover,

11



if open failure happens in one or more LED unitg, whole LED luminaries needs to be

shut down if there are no other open circuit protes.

(a) LED wall

(b) Decorative lighting

(c) Ceiling lamps

Figurel. 7 Examples of Future Indoor LED Luminaries
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Consequently, considering the reliability and safeisues, multi-channel LED
configuration is widely used in these indoor LEIninaries, as shown in Fig. 1.8. Active
current control with linear or switch regulatomiscessary for precise current sharing for

multi-channel LED configurations.

SN N
MR RN
@ R R
. . .
. . .
L] L] L]
N T\ N
Multiple-Channel j\ N N

Constant Current Source

Figure 1. 8 Multi-Channel LED Configuration

How to generate multi-channel constant current Jv&urces and achieve current
sharing are two major issues and challenges intyipis of LED driver design. Some
papers have been devoted to propose some drivintiss and current sharing methods
[14]-[17]. There are also some commercial contrsli® provide M€ solutions from
main power management IC companies like Texasum&nts, Maxim Integrated
Products, National Semiconductor, Intersil, MPS e most popular MELED driver

uses a two-stage structure, as shown in Fig. 1.9.

Front-end < N
High Voltag DC/DC Low Voltage S AN +\
DC DC N

Converter

Figure 1. 9 Traditional Two-stage MC® LED Driver Structure
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The first front-end DC/DC converter stage stepsmtive high voltage DC input to a
low DC voltage level and usually also provides asion. The second constant current
source stage provides multiple constant currentcesuto drive several LED strings.

Through a survey of commercial products, the trawétl indoor LED driver solution can

be classified into two types, as illustrated in.AidLO.

N
DC |LED1l ™ |LEDZl ,:“ |LEDsi .:“ |LED4i .:“
Isolated H : : :
L Front-end L ] N ]
DC-DC
Converter = |
n £ I
Dynamic Headroom Control A b b
T (DHC)
(a) Linear LED driver
DC LJ;;;_ |_g~1
Isolated | . & |
N
= Front-end = ILED 1l > ILED nl o
DC-DC L s oo x H
Converter N N
” = *Rs *Rs

(b) Switch mode LED driver

Figure 1. 10 Review of Traditional Indoor LED Driver Solutions
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The solution shows in Fig. 1.10 (a) is the most efective [18]-[20]. In order to
improve the efficiency, the dynamic headroom cdniddHC) is also proposed and used
in some commercial products. The forward voltagesioltiple LED strings are sensed
and processed in real-time so that the voltageudUgwel of the frone-end DC/DC stage
is adaptively controlled to equal to the highestDLEtring voltage plus a certain
headroom voltage. The independent current regulat@n also be achieved in this
solution. There are several commercial ICs suclla85690, LM3464, MAX16823
adopting this structure and control strategy. Haveweven though DHC is adopted,
when facing with unbalanced LED string conditionL&D short failure in some of the
strings, in order to keep current regulation andes, the loss on the linear regulator

will become huge and damage the driver's overdiehcy very much.

The switch mode LED driver solution in Fig. 1.1Q @an overcome the drawbacks
mention above [21]-[24]. In this solution, each LEDing has completely independent
current control; no matter how unbalanced one arenbh&D strings could be, other LED
strings can always operate normally without anynges from the current control point
of view. Hence this solution has the best robustries the LED forward voltage
variations and short failures. Also many commert{zd can be used in this solution,
such as TPS54160, LM3402, MP4688, MAX16832 etc.iQlsly the system structure
in this solution is complicated and the cost ishhigspecially when the system of LED
luminaries become larger and larger, the numbektEd strings also increases. Each
LED string needs a independent power stage asasalbntrol circuit to provide current

source, which will increase the total cost dranalyc
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In summary, how to design a simple, low cost arfitieht multi-channel constant
current LED driver is a challenge. In this thesisingle-stage MELED driver idea has
been proposed and investigated through two diffetepologies (PWM half-bridge
topology and LLC resonant topology), which will bddressed in details in Chapter 3

and Chapter 4.
1.3 Objectivesand ThesisOutline

LEDs as a promising lighting source, have greatodppity and marketing
prospective in many applications such as indoor @&tdoor lighting, backlight,
automotive, architectural lighting etc. The LED® areferred to be driven by current
source and the driver should be designed careftttyn power electronics point of view,
how to design a simple, low-cost and efficient LBDver is a challenge. This thesis
focuses on the indoor lighting application with tiple LED string configuration and
proposes a new single-stage multi-channel constarent (MC) LED driver to simplify

the system architecture, improve efficiency andehcurrent sharing capability.

The driving solution for an indoor LED luminariestivmultiple strings based on the
DC nano grid for future sustainable building irtitte will be tackled in this thesis. The

whole system structure is shown in Fig. 1.11.
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Figure 1. 11 Example of Indoor LED Luminariesin DC Nano Grid

On the left hand side, the flat luminaries emulatuture indoor LED luminaries
with total 64 LED units, which are divided into fostrings. The specifications of the

system and LED luminaries are summarized in Taldle 1

Table 1. 1 Specifications of the DC Nano Grid and Indoor LED Luminaries

DC input voltage Y, 380V+20V

LED channethresholcvoltage v 40Vv+5V

LED channel curreni, 1A

LED channel dynamic resistoly 100

Total LED string numbe 4

Maximum current differenc <109

As shown in Fig. 1.11, the driving solution for ghindoor LED luminaries
application should have two basic functions: fysthe driving solution provides the
step-down function from a high voltage DC bus (3Bt a mid level DC voltage with
isolation; secondly, multiple constant current sesrcan be generated to driving multiple

LED strings. Current sharing is also required betwmultiple current sources.
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From the previous discussion and survey on traitigolutions, we can find out the
drawbacks and bottlenecks of traditional soluticks.a result, a new driving solution is
in great demand to provide a simple, low-cost dfidient solution. Generally speaking,

there are three challenges for this MED driver design:
1. Simplify the system architecture;
2. Achieve current sharing between multiple LEDngSs;
3. Good robustness to LED forward voltage variaSoiailure mode.
The outline of this thesis is as follows:

Chapter 1 introduces some basic concepts of LEQsdaring requirements. Then
focusing on the indoor lighting application, somaditional solutions are reviewed and

their advantages & disadvantages are discussed.

In order to simplify the system architecture, agkirstage ME LED driver is
proposed, using multiple transformer structure tovige multiple current sources. In
Chapter 2, a PWM half bridge topology is used talize the proposed concept. The
circuit is analyzed in details and a mathematiolltgn is solved to describe the current
cross regulation between multiple LED strings. Sdangtors which affect the current
sharing are found out and analyzed. A simulatiord@has built by Simplis simulation
tool to verify that the circuit has very good rotmess to LED forward voltage variations
and LED short failures. Some drawbacks of thelsistage MG PWM LED driver are

also discussed at the end of Chapter 2.
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Chapter 3 proposes a new KMCED driver by using LLC resonant converter to
overcome the drawbacks of M®WM LED driver topology. Different from traditioha
front-end LLC converter, the proposed MCLC LED driver is controlled to provide
current source output. LLC voltage and current gelvaracteristic is derived after
considering the LED i-v character for the desigrppse. A design procedure is proposed
based on the modified LLC current gain characterigt 100kHz 4-channel MELLC
LED driver is designed and tested to verify theiglegprocedure and current sharing

capability. Some dimming methods are also investija

Chapter 4 summarizes the conclusions and discessas ideas for future work.
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Chapter 2. Proposed Single-stage MC®* PWM LED

Driver

2.1 Structure of Proposed Single-stage M C* PWM LED Driver

In traditional MC LED driver solutions, a two-stage structure is eljdused.
Although by using such structure, independent circentrol and current sharing can be
achieved between multiple LED strings, there asm alome drawbacks. Firstly, both
stages need one or more controllers. Especiallhensecond stage, each LED string
needs a controller to control the output curredividually. Therefore, this structure is
complicated and expensive; furthermore, the twgestgolution also sacrifices the
efficiency to some extent. On the other hand, theepof LED driver is very sensitive to

the market. Low cost but efficient solution is iregt demand.

In order to simplify the system structure, a sirgfizge MG LED driver structure
has been proposed, as shown in Fig. 2.1 [25]. Blgi¢he front-end DC/DC stage and
multiple constant current source stage are combiogether to be a single stage, which

serves the same functions as both stages do itidred solution at the same time.
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Figure2. 1 Structure of Proposed Single-stage MC® LED Driver

The structure above just proposes an general idesinplifying the system's
complexity. The key point is how to implement thiea by some suitable topology
structure. Essentially, this single-stage MCED driver is still a front-end DC/DC
converter, which should have the step down functiom high voltage DC bus to low
voltage DC bus and provide isolation. At the sammet it should also have the function

with multiple current source outputs.

When recalling the traditional DC/DC converter withultiple voltage sources
outputs, the transformer structure shown in Fig. (&) is very common [26][27]. By
employing multiple secondary windings to the sammary winding of the transformer,
multiple voltage source outputs can be generafethel turns ratio of each secondary
winding to primary winding is kept the same, theltiple outputs have the same voltage

level.

Back to the requirement in the single-stage MED driver, instead of multiple

voltage source outputs, multiple current sourceuistare needed to drive multiple LED
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string, which is exactly a dual case. As a resaultdual circuit of multiple transformer

structure with multiple current sources can be drawfig. 2.2 (b).

Vs1 = Vsz = Vsa

(a) Multiple voltage source outputs

|s1 = |52= |s3

(b) Multiple current source outputs

Figure2. 2 Multiple Transformer Structure
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Different from multiple voltage source output caseultiple transformers with
independent cores are used. The primary windingsaoh transformer are connected in
series while the secondary windings are connectquhrallel. It is easy to see that the
primary windings of each transformer share the saumeent. If the turns ratio of each
transformer is designed to be identical, each toamger's secondary current is forced to
be identical too. By employing this multiple tramsher structure, as long as the primary
current is controlled to be current source, mudtiglurrent source outputs can be
generated on each transformer's secondary sidehwaheé connected in parallel and drive

the load independently.

Taken PWM half-bridge topology as an example, tireut schematic of the

proposed single-stage MCED driver is illustrated in Fig. 2.3.
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Figure 2. 3 Circuit Schematic of a Single-stage MC® PWM LED Driver
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Compared to traditional PWM half bridge converteithwsingle voltage source
output, the multiple transformer structure is aédpior multiple output purpose. In order
to provide current source to drive LEDs, one LEDngt current is sensed through a
sensing resistor to control the primary side MOS§EIuty cycle. Other LED strings'
currents are cross regulated. By adopting thiscira, the control scheme is simplified

and only one controller is needed, which can aslice the cost.

For this control scheme for multiple current souoeputs, the key issue is the
current sharing between different LED strings, esgly when the LED strings are not
perfectly balanced. In the next section, the dedabperating waveforms are analyzed

and a mathematical solution is derived to quarthif/current sharing capability.

2.2 Current Cross Regulation (CCR) Analysis

Theoretically, if the circuit is symmetrical andettcomponent values have no
tolerance, as long as one LED string's curren¢msed and controlled, other LED strings'
currents can be perfectly cross regulated. Howewepractical application, the LED

strings always have some mismatches, mainly beaHua® reasons:
1. LED i-v character variation

In the manufacturing of LED units, there is a vaoia of performance around the
average values given in the technical data sheat$) as luminous flux (brightness),
color and forward voltage. The LEDs also have negaemperature coefficient, which
can cause its i-v character change in a certaigerafds a result, even driven by the same
forward current, the forward voltage of differenED units may vary within a certain

range, which can cause mismatched LED string camdit
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2. LED short failure
LED short failure can also occur sometimes duriognral operating condition.
When one or more LED units fail in short failuredne LED string, the forward voltage

of that string will be lower than others'.

In practice, the mismatched LED string conditionpretty common and that will
downgrade the current sharing capability. The euroeoss regulation under unbalanced

LED string condition needs to be analyzed in dgtail
221 Analysisfor two-string case

Taken a two-string ME LED driver case for example, the circuit diagramd a
operation waveforms are shown in Fig. 2.4. Assumingmatched LED strings
(Vor>Vo2), same output inductance ;fL,) and CCM operation mode, ignoring the
impact of transformer magnetizing inductance ar#tdge inductance, the output current

cross regulation is analyzed in detail as follows.
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Figure 2. 4 Example of a Two-string MC* PWM LED Driver for CCR Analysis
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The key waveforms at steady state are shown inZg.During one half switching
cycle, the circuit has three operating modes andnduthe other half cycle those

operating modes repeat. The equivalent circuitsach mode are shown in Fig. 2.6.
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Figure 2. 5 Key Waveforms at Steady State of a Two-string MC® PWM LED Driver
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Figure 2. 6 Equivalent Circuitsduring One Half Switching Cycle
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Mode 1 [0~i]: one of primary side switches 8 the half bridge is turned on; input
voltage is applied on both transformerand T,. According to the multiple transformer
structure, the primary side currents of two transirs are identical, and so do the
secondary side currents. Therefore, during thigodethe currents of inductor;land L,
are equal. The voltages applied on two output itaiscare equal too. Set;\and \4 as
the secondary winding voltages of @nd T, and \,; and \4, as the output string

voltages, then we can get the following equatiartlie output inductor currents:

di

L d;l :\/l _VOl 12
di

L=V, -V, ®.2

i, =i, (2.3)

L1

Mode 2 [t~ty]: both of primary side switches are turned offi s¢condary side
diodes are on for current freewheeling; both tramsér T, and T, are shorted. During
this period, the voltages applied on two outpuuctdrs equal to minus of the two string
voltages respectively, which are different due tismatched LED string condition. So

for the currents of output inductog Bnd L, we have:

di

L2 =y ,
dt ol (2 4)
di

L =y _
dt 02 (2 5)
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Because the output string voltage are mismatchdd/ai»V,», the inductor currents

iL1 and j» are different too and:

ILl <IL2

Mode 3 [£~1/2Tg: at moment of4 another primary switch;Ss turned on. Because
the instantaneous inductor currents are differedtia < i, the transformer fis still
shorted and all input voltage applied on transfarine The diodes of LED string 2 are
still freewheeling until the moment of 1/2when the two inductors’ current are equal.
Therefore, the equivalent duty cycle Bnd B of diodes in two strings are not equal

either and > D,. During this period we have:

di

L=V -V ,
dt S ol (2 6
diL

Ld_t2 =V, (2.7)

Where Vs is the sum of two transformers' secondalg voltage:
V, =V, +V,

During this period, the inductor currents and |, are still different:
iLl < iL2

From 1/2F to Ts, the other half switching cycle starts, and therapon principle

and waveforms are the same except the polarityggsan
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Define by and b, are the DC average output currents of two LEDhggi(which also
equal to the average output inductor current), &ldy represents the current difference

between two LED strings. From equations above, avederive:

Al =1~ ®.8

max 02 ol

1
A I max(2) = m [qDl_ Dz) [qu _Vo 1_Vo 2) (29)

Where 0 and D represent the conduction time during one switchuygle for

secondary rectifier diodes in LED string 1 & 2:

02

D. =
i Vs _Vol +V02

From the equation (2.9), we can find out that ttneent cross regulation is related to
the different conduction time of two diodes &nd B3, which is also determined by the
difference between LED strings' output voltagg &d V.. The larger the LED strings'
voltage difference is, the worse current cross letmun between multiple LED strings
will be. Moreover, the switching frequency and autmductance also impact the current

cross regulation, which will be discussed in théofeing sections.
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2.2.2 Analysisfor n-string case

The similar analysis method can also be extendatied\-string MG PWM LED
driver, as shown in Fig. 2.3. Still considering thesmatched LED string condition, we

assume that the voltages of each LED string sati&fyequation below:
Vol >V02 >V03 > |:m]}von

The definition of Almax is the current difference between the LED stringhw
maximum current and the LED string with minimum remt. For a N-string case, the
mathematical equation d@fl ,,5x can be derived and extended from (2.9), whicth@ws

as (2.10).

1 4D 4D,
Al =— 4D, +—2 + [+ —* |V, -

Where I} still represents the conduction time during onatcdwng cycle for the

secondary rectifier diode in LED string k:

>,

The equation (2.10) provides a general model tordesthe current cross regulation
between multiple LED string outputs mathematically.using this model, factors which
affect current cross regulation can easily be foomdand analyzed.
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2.2.3 Factorsaffecting current crossregulation

In practice, for the multi-channel LED applicatidhe tolerance of current difference
between multiple strings is usually less than 10%wrder to verify the current sharing
capability and current cross regulation of proposeduit, a simulation model of a 4-
string MC* PWM LED driver is built by Simplis simulation tadThe circuit diagram is

shown in Fig. 2.7.
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Figure2. 7 Simulation Verification of a 4-string MC® PWM LED Driver
The input voltage is 400 V DC. The LED string cumtres 1 A and the LEDs

numbers of each string are specially set as 13184nd 16 are about to emulate the
unbalanced LED string condition. The output indocta is 30uH and switching

frequency is chosen to be 300 kHz.
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The circuit is simulated in Simplis and the outpuductor current waveforms are

shown in Fig. 2.8.

Inductor current (A)

V2

0.7 w

Figure 2. 8 Smulation Wavefor ms of 4-string Output Inductor Current

The simulation clearly shows the inductor curreiftedence during Mode 2 and
Mode 3 as discussed in previous section. Sinceuhent of LED string 1 is controlled,
the simulation result shows¥1.000A as expected. Although 4 LED strings are
unbalanced, the maximum current difference (betwd€eD string 1 and string 4) is only

20 mA, only 2% of full load current.

Based on the mathematical solution derived in previsection, the LED string

current can also be calculated. The results aresuined in Table 2.1.
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Table 2. 1 Current Cross Regulation for 4-string M C® PWM LED Driver

LED Number Vo (V) lo (A)
String 1 16 49.1 1.000
String 2 15 45.9 1.008
String 3 14 42.6 1.014
String 4 13 39.4 1.021
Almax (%) 2.1%

The calculation results shows the maximum currdiférénce is 21 mA, matching

with the simulation results very well.

From the equation (2.10), we notice that thereaa@her two factors which affect
the current cross regulation - the switching frempyeand output inductance. So the
current cross regulation is also calculated witlo wifferent switching frequency and

output inductor values, as shown in Table 2.2.
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Table 2. 2 Factors Affecting Current Cross Regulation (fs & L)

String 1 String 2 String 3 String 4
LED Number 16 15 14 13
Voltage (V) 49.1 45.9 42.6 39.4
Current (A) 1.000 1.008 1.014 1.021
L=30 uH
Almax (%) 2.1%
fs=300 kHz
Current (A) 1.000 1.004 1.007 1.011
L=60 uH
Al max (%) 1.1%
Current (A) 1.000 1.004 1.007 1.011
L=30 uH
Almax (%) 1.1%
fs=600 kHz
Current (A) 1.000 1.002 1.004 1.006
L=60 uH
Almax (%) 0.6%

From the table above, we can see that higher swgdnequency or larger output
inductance can help improve the current cross atigml and reduce the current
difference between multiple LED strings. In all floer cases in Table 2.2, the maximum
current difference is only 2.1%, showing the praabsircuit has good current sharing

capability even with unbalanced LED string condiio
2.3 System Robustnessto Unbalanced L ED Conditions

In previous section, the current cross regulatioproposed circuit has been verified

for a slightly unbalanced LED condition. Howevar,gractice, the unbalance conditions
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of LED string load could be even more severe. B@ngle, there may be more LED
units failing in short in one string; or even warseveral LED strings may have LED
units failing in short at the same time. Either dition may further downgrade the

current cross regulation between multiple LED gfsin

In the section, the system robustness is studieddweeral severe unbalanced LED
conditions. Still taken a 4-string MGWM LED driver shown in Fig. 2.7 as example,
the input voltage is 400 V. Each LED string hasLED units in series under normal
operating condition and string current is 1 A. ®watching frequency is 300 kHz and
output inductance is 30 uH. In order to emulateessevere unbalanced LED conditions,

two assumptions have been made:
1. One or more LED strings have LEDs in short faju
2. The number of short LEDs in failure strings egeial.

Then three unbalanced LED conditions are simulatety one LED string fails in
short; two LED strings fail in short; three LEDisgs fail in short. During the simulation,
the number of short LEDs in each failure stringdgialy increases and the maximum

current difference is plotted in Fig. 2.9.
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Figure 2. 9 System Robustnessto Unbalanced L ED Conditions

For only one string in short failure case, whenrehare 9 LEDs failing in short
failure, the maximum current difference is stilldem 10% tolerance. That means even
more than half of the whole string fails in shahie current sharing can still satisfy 10%

difference requirement.

When two or three strings fails in short, the cotreross regulation will become
worse because of more severe unbalanced condiimmever, the simulation results in
Fig. 2.9 shows the circuit still has good robustné®r the case with two strings in short
failure, the maximum current difference can be ioleté under 10% with 7 LEDs in short
failure. The worst case is when there are thraegstrin short failure at the same time.
Even under such severe condition, the maximum cudiéerence can be obtained under

10% with 6 LEDs in short failure.
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2.4 Limitationsof Proposed Single-stage MC® PWM LED Driver

Although comparing to the traditional two-stage MCED driver, the proposed
single-stage M& PWM LED driver has many advantages such as, simgtecture,
higher efficiency, low cost, easy control scheme.,ethis circuit still have some

drawbacks and limitations, such as:
1. Hard switching topology

Because the proposed M®WM half bridge LED driver is a hard switching
topology, the switching loss is higher comparedtteer soft switching PWM circuits and
resonant converters. This feature will also lirhi potential of further pushing to higher

efficiency and achieving higher density.
2. Bulky transformer and output inductor

Due to the structure of proposed circuit, for ed€iD string, one transformer and
one output inductor are needed to provide currentrce. Furthermore, in order to
improve current cross regulation between multipebLstrings, larger output inductor is
desirable because it can reduce the current diféereAs a result, the whole system may
become bulky, especially when the total numberEDlstrings increases. This is another

limitations of achieving high power density for theposed MELED driver structure.

How to overcome the limitations above and imprdwe performance of MCLED
driver is still challengeable. Considering thattslimitations are related to the PWM half
bridge topology, probably we need to investigatmemew topologies with different

features, which will be discussed in Chapter 3.
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25 Summary

A single-stage MELED driver structure is proposed to simplify themplexity of
multiple LED driving scheme, reduce cost and impre¥ficiency. Multiple transformer
structure is used to provide multiple current sewatputs. Compared to traditional two-
stage MG LED driver solutions, the proposed structure canm only achieve high

efficiency, but also simplify the system complexdtyd reduce cost.

A PWM half bridge topology is chosen to implememg proposed concept. In order
to analyze the current cross regulation under amgald LED conditions, a general
model is derived. From the derived model it cannmdiced that unbalanced LED
conditions will cause different conduction time sg#condary rectifier diodes and hence
downgrade the current cross regulation. Moreoveifching frequency and output
inductor also can affect currnt sharing betweentipial LED strings. Through simulation
verification for various unbalanced conditions, tlpeoposed circuit shows good

robustness to LED forward voltage variation andrsfailure.

Finally, some drawbacks and limitations of proposeujle-stage MEPWM LED
driver are discussed. Such limitations are relatethe internal character of PWM half-
bridge topology. In order to overcome those linmtas and further improve efficiency of
the MC LED driver, a new topology are investigated to liempent the multiple

transformer structure in the next chapter.
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Chapter 3.  Proposed MC® LLC Resonant LED

Driver

3.1 Structureof Proposed MC* LLC Resonant LED Driver

In Chapter 2, a single-stage M®WM LED driver has been proposed to replace
traditional two-stage solutions in order to simplihe system architecture, reduce cost
and improve efficiency. The proposed circuit ha®ddeen simulated and verified to have
good current sharing capability and robustness. évew it still has several drawbacks

which have been discussed in the last part of pusvchapter.

In order to overcome the drawbacks discussed ahbostad of PWM half bridge
topology, a LLC resonant converter is used to imglet the proposed single-stage MC
LED driver concept. The circuit schematic of propd$C LLC resonant LED driver is

shown in Fig. 3.1 (taken a 4-string case as example
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Figure 3. 1 Circuit Schematic of a Single-stage M C® LL C Resonant LED Driver

Compared to the MEPWM LED driver, the M& LLC resonant LED driver have

several characters and advantages [28][29]:

1. The LLC resonant converter has the ZVS capgbflibom the primary side
MOSFETs from zero to full load range, and the tofh current is also low. The
switching loss is reduced compared to PWM hardchiniy topology, so the converter

has the potential to operate at higher efficiemuy achieve higher power density.

2. The output inductor in LLC resonant converteelisninated. For the application

with multiple LED strings, by eliminating outputdactors, the cost can be reduced and

the power density can also be improved.

3. The transformers adopt voltage-doubler configomaon the secondary side so

that each transformer drives two LED strings at #aene time and the number of

transformers can be reduced by half.
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4. The multiple transformer structure is still z#d to provide multiple current
source outputs, which has already been discussé&hapter 2. Besides, a DC block
capacitor is also utilized to achieve precise curharing between two LED strings
driven by the same transformer through voltage-tByubonfiguration, which is first
proposed in [30]. The dc block capicGs in series with the transformer's secondary
winding and used to balance the forward voltagiedhce between two LED strings. In
order to analyze the function of this DC block aafm, a simplified LLC equivalent

circuit with two LED strings are shown in Fig. 3.2.
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Figure3. 2 Smplified LLC LED Driver with Two LED Strings

Depending on the switching frequency of LLC coneertthere are two typical
operating conditions: when switching frequency d@svér or equal to the resonant
frequency, the transformer secondary side curgeobmtinuous, as shown in Fig. 3.3 (a);
when switching frequency is higher than the resbriaequency, the transformer

secondary side current is discontinuous, as showmi 3.3 (b).
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Figure 3. 3 Typical Waveformsof LLC LED Driver with DC Block Cap
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The detailed analysis and choice of the DC blogkac#dor can be found in [31].
Considering the charge balance of DC block capaditwing one switching cycle, the

charge quantity for each half cycle must be eq@atQ.). The DC average current in

each LED string can be derived in (3.1) and (3.2):

Q

| =<
ol Ts (3'1)

_Q
o —f (3.2)

Obviously due the charge balance of DC block capgdhe currents in both LED

strings are forced to be identical, as in (3.3):

I01 = |02 (33)

The average voltage acrosg €an be derived based on the volt-second balance of
the transformer [7] and the result is shown in)3.4
V. -V

V —_ol 02 .
Cdc 2 4)3

When two LED strings are balanced, their forwardtages are equal and the
average voltage across @s zero. However, if they are unbalanced, theng#'i forward
voltage difference will be undertaken by.@nd the average voltage og.@ no longer

zero, but one half of the voltage difference betwse LED strings.
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The operation principle of proposed MICLC LED driver is shown in Fig. 3.4 with
the typical operation waveforms. Assuming the cotereoperates at resonant frequency,
the resonant tank current is pure sinusoid andrtagnetizing current is triangle wave.
The transformer's secondary side currgnisi approximately sinusoid wave current and
the DC average current of rectifiegh equals to LED load current. The transformer's
secondary side voltage,.vis square wave voltage, which amplitude equatbecoutput
voltage . When the output capacitor is large enough, theles on the output voltage

and current are negligible.

&ank
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-1.6 e’ o
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Figure 3. 4 Simplis Simulation Waveformsof MC*LLC LED Driver (Vo>Vy)
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When designing the LLC converter as LED driver, déput current, instead output
voltage in LLC front-end converter, is controllédirthermore, the LED load character is
quite different from the resistance load. As a Itegbe traditional LLC voltage gain
characteristic is not suitable to reflect the cotesés operation principle and needs to be

modified.

Due to the negative temperature coefficient of LEbswn in Fig. 1.5, the LED
forward voltage may vary (e.g. £10%), even drivgncbnstant current. The PFC output
also has certain voltage ripples. As a result,gihesg a constant current LED driver with
wide input and output voltage ranges is required ahallengeable. Proper design
procedure is also investigated based on the mddifi€C current gain characteristic with

LED load in the next section.

3.2 LLC Voltageand Current Gain Characteristicwith LED Load
3.21 Review of LLC voltage gain characteristic with resistive load

The LLC voltage gain characteristic with resistivad and its operation range have
been discussed in many papers [32][33] and widagduin LLC front-end DC/DC

converter design. Taken the LLC front-end DC/DC weter with resistive load as

example, the circuit diagram is shown in Fig. 3.5.
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Figure3. 5LLC Front-end DC/DC Converter with Resistive L oad

Based on the Fundamental Harmonic ApproximationAFHhe resistive load can

be modeled as an equivalent ac resistangeaR in equation (3.5). The AC equivalent

circuit then can be drawn in Fig. 3.6 and solved.

Rac :8% R (35)

Figure 3. 6 AC Equivalent Circuit based on FHA

For different load conditions, the LLC voltage gaimaracteristic can be expressed

by equation (3.6):
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Wl .

1, 1., 1
1"'?(1_F)+ J [QLF, _T)

n n n

(3.6)

_JL/C _JL/c

R, 8N
R

Q

Where Q is a function of load resistor. Differentv@ues represent different load

conditions.

The LLC voltage gain curves can be plotted in Bg. Each curve represents the
relationship between the voltage gain and the #ivite frequency for a specific load

condition.
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Figure3. 7 LLC Voltage Gain Characteristic w/ Resistive L oad
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The LLC voltage gain characteristic is still used34] [35] in order to analyze the
operation principle and design LLC LED driver. Hoxge in LLC LED driver, the load
is LEDs instead of resistor, which has completetfecent nonlinear character. Since the
LED current is controlled, LED cannot be modelechamnstant resistor any more when
the LED forward current changes. Consequently tieegipus definition of quality factor
Q is no longer valid either. That means the LLCtagé gain characteristic can't reflect
the operating principle and steady state charaéteL.C LED driver either correctly nor

directly.

Considering the unique nonlinear character of L&B&d| the load condition needs to
be redefined and the AC equivalent circuit alsodse® be modified, which will be
discussed in details in the following section. Afbdtaining the AC equivalent circuit for
LLC converter with LED load, the modified LLC voffa and current characteristics can

be derived.

3.22 AC equivalent circuit of LLC converter with LED load

As discussed before, the LED load shows nonlingaritd cannot be modeled as a
constant resistor any more. So first of all, tharelter of LED needs to be analyzed in

details and its equivalent load expressions neée terived.

Using simplified piece-wise-linear model, the iwwree of Cree X-lamp XP-E White

LED is shown in Fig. 3.8.
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Figure 3. 8 Cree X-lamp XP-E White LED i-v Character (piece-wise-linear model)

The LED's threshold voltageyfepresents the boundary between LED's on state and
off state. When LED's forward voltage is smalleartithreshold voltage, LED is off and
forward current keeps zero. Only if LED's forwarditage exceeds threshold voltage,
LED starts to conduct current and its i-v relatilmpsfollows the curve shown in Fig. 3.8.
As a result, to describe the LED's nonlinear i-areleter, the relationship between LED's

forward current and voltage can be representetidyailowing piece-wise function:

M Whenvo >\/th
l,=9 R (3.7)

0 whenV, <V,

Then the AC equivalent circuit of LLC converter witED as shown in Fig. 3.9 will

be analyzed.
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Figure3. 9LLC Converter with LED Load (when V>Vy,)

From the simulation waveform, we can assume thatrifhples of LED's forward

voltage \, and currentJ are negligible. As a result, the input excitatadmesonant tank

is square wave voltage source as well as the ttansf secondary side voltage is square

wave voltage sink. The following equivalent circcén be used.

‘Source’

3 O -H

‘Load’
+V,

-V,

Figure 3. 10 Equivalent Circuit of LLC Converter with LED L oad (when V>Vy,)

This equivalent circuit is the same as the one usdide analysis of traditional LLC

DC/DC converter with resistive load, but the lodthmacter is different and requires

careful analysis.
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Using the equivalent circuit for transformer secanydrectifier and LED load as

shown in Fig. 3.11 (a), we can derive the AC edeiviresistor for LED load.

According to previous assumptions,:\'s square wave voltage angl is sinusoid
wave current. Based on Fundamental Harmonic Appratiton (FHA), only fundamental
harmonics transfer energy. As shown in Fig. 3.D1 tfee fundamental harmonic,¥of
square wave voltagezyand sinusoid wave current bre responsible to transfer energy

to the load.

Since the amplitude of square wave voltage &qual to the output voltage, e

can easily calculate its fundamental harmonic uSiogrier Series:

ac

v " :ﬂWo [Sin(axt) (3.8)
T

Since the output capacitors only absorb AC curréme, DC average value of

rectified sinusoid wave curreng.kequals to the LED load current |
. T .
lac = —— o [$IN(crt (3.9)
N (@)
Based on the energy equivalence point of view,ldlael can be modeled as a AC

equivalent resistor, as shown in Fig. 3.11 (b). dé#nition of AC equivalent resistor is:

R. = v

|ac
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Figure 3. 11 Derivation of AC Equivalent Resistor for LED L oad
On the other hand, since in this case, the loa&3 which has non-linear character
and its i-v relationship follows the piece-wise d¢tion as shown in equation (3.7).
Replacing \i&” & 1ac by equation (3.8) & (3.9) and combining the LEDBisrelationship
from equation (3.7) in the definition of,Rwe can derive the complete expression of AC
equivalent resistor of LED load in LLC converter:
8N% V.

Vae™ ( )[R, whenV, >V,
Re=—={ 77 'V, -V, " (3.10)

I ac
00 whenV, <V,
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The AC equivalent resistor of LED load is no longefiunction of constant resistor,
but reflects LED's non-linear character. Then we m@dify the AC equivalent circuit of

LLC converter with LED load, as shown in Fig. 3.12.

Figure 3. 12 AC Equivalent Circuit of LLC Converter with LED L oad

This AC equivalent circuit seems the same as tleeodh LC DC/DC converter with
resistive load, but the definition of,&Rs completely different. Here the equation (3.10)
should be used to represent LED load charactern The LLC voltage and current

characteristics with LED load can be derived basethis equivalent circuit.

3.2.3 Derivation of LLC voltage & current gain characterswith LED load

In the previous section, we have already derivedA@ equivalent circuits of LLC
converter with LED load. It is important to mentidhat because of the nonlinear
character of LED load, two different AC equivaleaircuits should be analyzed
independently to reflect LED load's nonlinearitwhen \,>Vy,, LED is in on state and
Rac is a finite value and follows LED's i-v relatiomghwhen \,<Vi, LED is in off state

and forward current is zero, the circuit operatesmano load condition.
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By solving the AC equivalent circuit in Fig. 3.1the modified LLC voltage gain

characteristic with LED load can be derived:

U EVUNNY PR NOUN | RN [N U AERPUUR PO IO IV
L Q0 +\/Q(fn 0 {[hha fnz)j +Q (1, fn)}[Q () K}
KD 1 1 2 1 WhenVD>Vm
v [nfa—?)} +Q(f, -7
Mv(fann!Q)_‘W‘_ n n n
% whenV, <V,
1+=@1-5)
L f
(3.11)
Kk =Va /2N (3.12)
\YA

When K is a number slightly larger than 1. If ignoringetimput variation, we can

assume it to be a constant value.

Three key design parameters - resonant frequendycior ratio and characteristic

factor - are defined as follows:

(o1
° 2mfLC,
L=ke
Lr
L /C,
Q=—13
8N R
ﬂz

Where R is the dynamic resistance of LED load.
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The definition of characteristic factor is diffetefrom the one used in LLC voltage
gain characteristic with resistive load. In ordemtodel the LED load characteristic, the
dynamic resistor is used to reflect the load'sanental change while LED forward

current is regulated.

Taken normal operating condition in Table 1.1 aseaample, the modified LLC
voltage gain curves with LED load can be plottedusing equation (3.11), as shown in

Fig. 3.13 (choose E3):

15 — Q=1
— Q=2
Q=3
— Q=5
= ] Q=10
g - Q=20
£
=
>
I
E 0.5
0 0.5 1 1.5 2 2.5
I:n=|:s/|:o

Figure3. 13LLC Voltage Gain Curveswith LED L oad

It is clearly shown that after considering the moedrity of LED load, there is a
boundary (M=Vw) in the modified LLC voltage gain curves which megents the
boundary condition of LED's on & off states. Aboe boundary, a series of voltage
gain curves can be plotted by using the first aquan (3.11) with different Q values.

On the other hand, below the boundary, LED loaid isff state and the circuit operates
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as in LLC's no load condition. The voltage gainveucan be plotted by using the second
equation in (3.11), as the black curve. Obviouslyder normal condition, LED strings
conduct current to emit light, so the light blegion in Fig. 3.13 is the operation region

for LLC LED driver to provide current source teethED load.

Similarly, using the same AC equivalent circuitFig. 3.12, we can also derive the
LLC current gain characteristic with LED load. Eecladly for LLC LED driver, the LED
forward current instead of voltage needs to berodatl. From this point of view, the
LLC current gain characteristic is even more dédé&rand useful to properly design the

circuit.

The LLC current gain characteristic with LED loaahcbe solved as the following

equation:
1. 1.[ 1. 1] 1, 1. . 1 1, 1] ..
| 1 D—[1+Ln(1—fnz)} +\/[1+Ln(l—fn2)} —[1+E(1—f—nz)} +Q (f, Tni]D[l+fn(l_Tf)} K*) oy
M‘(fn,Ln,Q)zl—": K -1 1+1l_1 2+ Qf_lz wnenv, >V,
' { L f—f)} Q=)
0 whenV, <V,
(3.13)
When | =Vi”—“°m/2N ~Vin_som is normalization factor of LED load current. It is

R,

defined as the output current at resonant poineundrmal input and output condition.
The definition of K is the same as modified voltag@gn characteristic, which can

represent both input and output variations.

Under normal condition, we can also plot the LLQrent gain curves by using

equation (3.13), as shown in Fig. 3.14 (chogseS):
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Figure3. 14 LLC Current Gain Curveswith LED Load

Because the nonlinearity of LED load character hasn considered, the LLC
current gain characteristic also has two differguiations corresponding to the LED on
& off states. When ¥V, LED is in on state and the current gain is lathan zero. A
series of current gain curves can be plotted bygushe first equation in (3.13) with
different Q values. On the other hand, whegW;,, LED is in off state and there is no

current output. So the current gain equal to zesshown in black curve in Fig. 3.14.

3.24 Comparison: LLC voltage & current gain characterswith LED load

After considering the LED load's nonlinear chargctge have derived the LLC
voltage and current gain characteristics. Somentieins of normalization factors are

summarized and compared in the following table:
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Table 3.1 Definitions of Nor malization Factors

fn Ln Q
) _ fs _ Q = —VLT/Q
Voltage gain f=— =—n SN2
f, — R
]TZ
) _ fs _ Q = —VLT/Q
Current gain f,=— =— 8N?
f, — R
]TZ

Obviously, the LLC voltage and current gain chagastics with LED load have the

uniform definitions of these normalization factors.
The LLC voltage and current gain curves with LERdare compared in Fig. 3.15.

It is clearly shown that both LLC voltage gain cesvand current gain curves with

LED load are divided into parts:

When \,>Vy, LED is in on state. A series of voltage gain @snand current gain

curves can be plotted with different Q values, eetipely;

When V,<Vy, LED is in off state. For the voltage gain, it Wibllow the curve
representing no load condition. For the currenhgaince the LED forward current is

zero, the current gain curve stays along the hotéaxis.

In summary, the LLC voltage and current gain curwés LED load are identical
from both mathematical and physical meaning pofntiewvs. They can also be exactly

mapped between each other.
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Figure 3. 15 Comparison between LL C Voltage & Current Gain Curveswith LED load
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When LLC converter operates as a LED driver, ibstmlled to provide current
source for the LED load. In other words, the outpwtent, instead of output voltage in
LLC front-end DC/DC converter, is our control targ€onsequently, the LLC current
gain characteristic is more desirable and usefuichvreflect the relationship between

the control variable (switching frequency) and dlput variable (LED load current).

Using the Simplis simulation tool, the LLC LED deivis simulated with different
resonant tank conditions (different Q values) amel gimulated current gain curves can
also be plotted. The calculated and simulated Lu@ent gain curves are compared in

Fig. 3.16 (choose E3).

We can see that the simulated current gain cuimeghty match with the calculated
ones, especially around the resonant frequencyubecshe fundamental harmonic
approximation is valid at resonant frequency. I fibllowing design procedure, the LLC

current gain characteristic with LED load as inaipn (3.13) will be used.

We can also notice that although the relationskeigvben LED forward voltage and
current are nonlinear, they still have monotonaréasing function. As a result, similar to
LLC voltage gain curve, in Fig. 3.16, when switdpiinequency is higher than resonant
frequency, the converter runs in ZVS region. On titker hand, when switching
frequency is lower than resonant frequency, thek gmant of each current gain curve

represents the boundary of ZVS and ZCS regions.
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Figure 3. 16 Comparison between Calculated and Simulated LL C Current Gain

Curves
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3.2.5 Operation region of MC®LLC LED driver under dimming condition

In indoor LED luminaries application, besides fothd current output capability, the
MC? LED driver should also be dimmable. That meansUEB driver should have the
capability to dim the output current to be the ldegver than full load current condition

so that the LED's output lumens can be adjusted.

For the proposed MTLLC LED driver, one straightforward way to realidenming
function is through frequency modulation. From tHeC current gain curves we can
notice that under normal condition, the currenngagual to one at resonant frequency,
which means the LED driver can provide 100% loadesu. If the switching frequency
increases and the converter operates above res@neguiency, the current gain will

reduce so that the average output current cannbeed.

For different L, and Q values, series of LLC current gain cunaestoe plotted and

compared, as shown in Fig. 3.17:
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Figure 3. 17 Comparison of LLC Current Gain Curvewith Different L, & Q

64



In this figure above, the red zone represents tmyearter's operation region under
dimming condition (from 100% load current to 0%dazurrent). Comparing these three
current gain curves we can notice that the smdher L, value, the narrower the
switching frequency range under dimming conditi@bviously, narrower switching
frequency range is more desirable. As a resulin fitee dimming function point of view,

smaller L, is preferred.

In summary, modified LLC voltage and current gaivam@cteristics with LED load
have been derived by considering LED's nonlineacharacter. For design purpose, the
LLC current gain characteristic is more straightfard and hence used in the following

design example.
3.3 Design Example of MC®LL C Resonant LED Driver

As for the MC LLC LED driver, the design targets include two exs:

» Firstly, the LED driver's efficiency at normal opgng condition (which is
also the most common operating condition) shouldgianized;

» Secondly, both input voltage and LED output forwadaltage have certain
variations; the M€ LLC LED driver should have the capability to proei

100% constant current output within the whole ingdl output ranges.

Compared to the optimal design procedure proposed33], the design and
optimization of transformer’s turns-ratio, dead g¢irand magnetizing inductance in the
MC? LLC LED driver are quite similar to the LLC froead DC/DC converter design.
However, the design of resonant tank (alg&LQ) should be based on the LLC current

gain characteristic with LED load derived in praxscsection.
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Taken a four-string MELLC LED driver as example, the circuit diagramstsown

in Fig. 3.18. The design specifications are sumzedrin Table 3.2.
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Figure 3. 18 Design Example of a 4-string MC* LLC LED Driver

Table 3.2 Design Results of a 100 kHz, 200 W, 4-string MC3LLC LED Driver

DC input voltage Y, 380V+20V

LED channethresholcvoltage v 40Vv+5V

LED channel curreni, 1A

LED channel dynamic resistoly 100

Switching frequencys  100kHz

To complete the M& LLC LED driver design, there are totally four dgsi

parameters and three design steps.
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1. Transformer's turns ratio

The transformer's turns ratio is the first parametkich need to be designed. The
transformer's turns ratio directly determine thevaster's operation point under normal
input and output condition. As discussed before, tED driver is desired to achieve
high efficiency under normal condition. Consequenthe design of transformer's turns
ratio should make the converter operate close son@nt frequency under normal

condition, which is the most efficient operatingrgmf LLC resonant converter.

2. Dead-time T and transformer's magnetizing inductance,L

In paper [33], the relationship between dead-timd total conduction loss (both
primary & secondary side) is derived. Then the el@aé can be chosen to minimize the
total conduction loss. The value of magnetizinguctdnce is determined based on the

dead time and &sof primary side MOSFET in order to achieve ZVS rapien.

3. Resonant tank design (L& Q)

After transformer's turns ratio and magnetizinguictdnce have been determined,
the only parameters remaining for design is themrast tank inductor and capacitor. The

definitions of inductor ratio Land quality factor Q are shown in the followingiatjons:

L=
Lf
L /C,
Q=22
8N
R
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We can see that since the resonant tank indugtand capacitor Chave certain
relationships with L. and Q. As long as the value of and Q can be determined, the

values of Lr and Cr can be easily calculated cpordingly.

Based on the LLC current gain characteristic wigDLload, the impact of different
combinations of . and Q can be analyzed. Only certain combinatidris,@nd Q can
maintain the constant current output capabilityhumitthe whole input and output range,

which is the design criteria for the resonant tdagign.

The detailed design procedure is discussed in Agigeirrollowing the proposed
design procedure, a prototype of 100 kHz, 200 Vetrivg MC LLC LED driver is
designed and tested to verify the constant cuwatgut and dimming capabilities of the

proposed circuit. Assuming the input voltage ha%% variation and LED threshold
voltage havet10% variation (the detailed specifications areetisin Table 3.2), the

design results are summarized in Table 3.3.
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Table 3.3 Design Results of a 100 kHz, 200 W, 4-string MC3LLC LED Driver

DC input voltage \n 380V

LED channel voltage , 50V

LED channecurrent o 1A

Input voltage \, variatior 1504

LED threshold voltage  variatior  +109%

Switching frequencys  100kHz

Transformer turns rat  24:12 (PQ26/20 3C96)

Magnetizing inductc  goouH

Inductor ratic g

Resonant induct  160uH (RM8/ILP 3C96)

Resonant capacitor 16nF

Primary Power MOSFETs  STD13NM60ON

Secondary Schottky Diodes PDS4150

The hardware is tested under various LED load ¢mmdi and the experimental

results are shown in the next section.

3.4 Experimental Results

3.4.1 Operation waveforms under normal condition

Firstly, the designed LED driver is tested undernmad condition: \f, non=380V,
Vo non=50V. The four LED strings are balanced (forwardtage difference is less than

0.5V). The waveforms of primary side MOSFET gatevidg signal, drain-to-source
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voltage and resonant tank current are shown inFif. The four LED strings' currents

are shown in Fig. 3.20.

V4 100V/div |
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Figure 3. 19 Operating Waveformswhen (Vin nom, Vo nom)=(380V, 50V)
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Figure 3. 20 LED String Current Waveformswhen (Vin nom, Vo nom)=(380V, 50V)
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Fig. 3.19 shows that in order to regulate the LEihg current to be 1A, the LLC
resonant converter runs aE$04 kHz, slightly below the resonant frequency,iclh
meets the design target. Fig. 3.20 shows the f& ktrings current waveforms. Due to
DC block cap, LED string 1 and string 2's curreaares almost the same (so do LED string
3 & string 4), which are 1.001A and 1.009A respagti. The current difference is only
0.8%. The circuit shows very good current shariagability under normal condition

with balanced LED strings.

3.4.2 Operation waveforms with input & output variations

As the circuit's specification shows in Table &ath input voltage and LED string's
forward voltage have some variations. The circaitalso tested with two boundary

conditions:

1. Vin_max:400V1 Vo_min=45V;

2 . \/in_min:36ov, Vo_max:55v.

The operation waveforms under two boundary conaftiare shown in Fig. 3.21.
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Figure 3. 21 Operating Waveformswith Input & Output Variations
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Fig. 3.21 (a) shows that wheniz\ha=400V, Vo mi=45V, the LLC LED driver

increases the switching frequency to 135 kHz tonta&n 1A LED string current output.

Fig. 3.21 (b) shows thati¥min=360V, V, mac55V, the LLC LED driver needs to
decrease the switching frequncy to 82 kHz in otddsoost the current gain. The circuit

still has the capability of providing 100% LED sigicurrent.

Under these two boundary conditions, the four LEihgs' currents are summarized
in Table 3.4. The maximum current difference i€24 &8nd the circuit shows good current

sharing capability within the whole input and outpaltage variations.

Table 3.4 Experimental Results of Current Sharing with Input & Output Variations

Vin_max:4oovy Vo_min:45v

Vin_min:360V, Vo_max:!f_)5V

LED string 1&2 1.001A 1.002A
LED string 3&4 1.011A 1.015A
Current difference 1.0% 1.3%

Assuming the LED string forward voltage under ndro@ndition (V,_non=50V), the

efficiency within the whole input voltage variatisntested and plotted in Fig. 3.22.
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Figure 3. 22 Efficiency with Input Voltage Variation

Since the circuit is designed to operate sligh#jotv resonant frequency at normal
condition, the highest efficiency can be achievetem iy non=380V & Vg non=50V,
which is 96.4%. During the whole input voltage rarfgom 360V to 400V, the overall
efficiency of MC LLC LED driver is above 96.2%. only 0.2% -efficignalrop

comparing to normal condition.
3.4.3 System robustnessto LED short failure

Previous experimental results show that the prapeseuit has very good current
sharing capability under balanced LED string caodit However, the current sharing
under unbalanced LED string condition still needsestigation. One extreme unbalanced
condition has been chosen - when LED string 4 mpietely in short failure and other
three strings work normally. The circuit diagramsisown in Fig. 3.23. The forward

voltages of four LED strings are 50V, 50V, 50V @\ respectively.
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Figure3. 23MC?LLC LED Driver with OneLED Stringin Short Failure

The operation waveforms are shown in Fig. 3.24.tHis case, the switching
frequency increases to 160 kHz to regulate 1A LEIhG current. Because the voltage
difference between LED string 3&4 are 50V, the agervoltage on DC block cap&is
no longer zero, but equal to 25V which is one bélfhe two strings' voltage difference.
The experimental results confirm the analysis of B@ck cap at the beginning of this

chapter.

The three normal LED string currents arg=1,,=0.999A; |,;=1.021A. Even with
one LED string in short failure, the circuit canlsegulate the load current and achieve

current sharing (only 2% current difference).
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Figure 3. 24 Operation Waveformswith One LED String in Short Failure
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3.5 Dimming Methodsof MC?*LLC LED Driver

35.1 Frequency modulation dimming method of MC* LLC LED driver

As discussed before, the analog dimming functiorpmfposed M€ LLC LED

driver can be implemented by frequency modulatiime control diagram is shown in

Fig. 3.25.
T z7 . _41
Lm '"’
Q1 |5 T
> — ﬁl
Cr Lr
L r— lcdc el
Vin =
- T2 s
Qs Lm?"' T
7 v]
chc P ./5
vco Pl O
compensator 4
Controller \/

Figure 3. 25 Frequency Modulation Dimming Method of MC®*LLC LED Driver

In frequency modulation dimming method, LED loadrreat is sensed and
compared with the reference. To dim LED load curréme reference will be changed
from 5V to OV, which represent the different dimmimatio. Then the switching

frequency can be modulated in order to regulate ld&d current.

Assuming normal input & output threshold voltagendi®ion (Vin non=380V,
Vin non=40V), the experimental waveforms under differenimming ratios are

summarized in Fig. 3.26.
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Figure 3. 26 Operating Wavefor ms with Dimming Conditions
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The efficiency with different dimming ratio is ptet in Fig. 3.27.
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Figure 3. 27 Efficiency under Dimming Conditions by Frequency M odulation Dimming

From the efficiency curve above we can see thaethee still some drawbacks of
the frequency modulation dimming method. Firstlbfiais difficult to achieve full range
dimming (from 0% to 100%) and the frequency needbed pushed very high for low
dimming ratio conditions. Secondly, the efficiengil drop dramatically to achieve low

dimming ratio because the ZVS operation may bedosder low dimming ratio condition

0.7

0.8 0.9 1

and the switching loss increase dramatically withhér frequency.

In order to overcome the drawback of frequency nedthn dimming method,
another dimming method is investigated in the reedtion, by which the converter can

always operate close to resonant frequency and ttmisefficiency under dimming

condition can be improved.
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3.5.2 Burst mode dimming method of MC3LLC LED driver

In traditional front-end LLC DC/DC converter, indar to improve light load
efficiency, burst mode control is widely used. ppr [36], a novel burst mode control
solution is proposed for the highest efficiencysgdining from previous burst mode

control used in front-end LLC DC/DC converter, astumode dimming method for MC

LLC LED driver is generated. The control schemghswn in Fig. 3.28.
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Figure 3. 28 Burst M ode Dimming M ethod of MC* LLC LED Driver

In this control scheme, the LED current is sensetl@ntrolled always equal to full
load current. As a result, the converter alwaysates close to resonant frequency, like
under normal condition. However, a external swikladded in series with each LED
string. A PWM dimming signal is applied to this esttal switch to control the on/off of

LED strings. Simultaneously, the same PWM dimmingnal is also applied to the
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digital controller to generate burse pulses of prynswitches. When PWM dimming
signal is high, LED strings are on and the convesferates at resonant frequency; when
PWM dimming signal is low, LED strings are off atie primary switches stop working.
The average current of LED strings can be easihtrotied by the duty cycle of PWM

dimming signal.

The proposed burst mode dimming method is impleaterity FPGA digital

controller and the experimental waveforms are shiowfig. 3.29.

(a) Dimming ratio=50% (l0=0.5A)
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(c) Dimming ratio=2% (10=0.02A)

Figure 3. 29 Experimental Waveforms of Burst Mode Dimming Method

83



It is clearly shown that the converter can alwagysrate close to resonant frequency,
which is the most efficient operation point of MCLC LED driver. The LED load's
average current can be controlled by the duty cyalePWM dimming signal.
Consequently, no matter what dimming ratio is regfii high efficiency (similar to full
load condition) can be achieved. Another benefithef proposed burst mode dimming
method is that ultra low dimming ratio can alsodwhieved, only by adjusting PWM

dimming signal's duty cycle.

The dimming efficiency by using burst mode dimmimgthod has been measured
and plotted in Fig. 3.30. We can see the efficiemogter low diming ratio condition can

be improved dramatically.

0.98

0.96

o
(o]
e

94.6% @ dimming ratio

o
Xe]
N

0.88

Efficiency (%)

0.86

=B~ f| modulation dimming
0.84

=& hurst mode dimming

0.82

0.8

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Dimming ratio

Figure 3. 30 Efficiency under Dimming Conditions by Burst Mode Dimming (pr ojected)
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3.6 Summary

A MC? LLC resonant LED driver for multiple LED drivingpplication is proposed
to achieve simple system structure, low cost, leifficiency and good current sharing. In
the proposed circuit, multiple transformer struet@nd DC block cap are utilized to

achieve current sharing among multiple LED strings.

LED load has unique nonlinear character, whichuiseqdifferent from resistive load.
Traditional LLC voltage gain characteristic is rand suitable in this MELLC LED
driver. The modified LLC voltage and current gaiharacteristic is derived by
considering the LED i-v character, which reflece tbharacter of LLC converter with
current source output. Based on the LLC currenh gaiaracteristic with LED load, a

design procedure of MLLC LED driver is developed.

A 100 kHz 200 W 4-string MELLC LED driver is designed and tested to verifg th
proposed circuit and design procedure. The expeat@heesults show that the circuit can
provide constant current output within wide inpubtdaoutput variations. Under
unbalanced LED condition, even one LED string tgtal short failure, the circuit can

still operate properly and achieve good currentisga

Two dimming methods for MELLC LED driver is proposed and investigated.
Frequency modulation is easy to implement but d&as drawbacks such as wide
frequency range and poor efficiency for low dimmnagjo. Burst mode control method
can overcome such drawbacks and improve the dimefilngency very well. Not only
ultra low dimming ratio can be achieved by bursdmdimming, but also the efficiency

at low dimming ratio is still very high (e.g. 94.68fficiency at 1% dimming ratio)
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Chapter 4. Conclusion

41 Summary

As a promising lighting source for future lightimgplication. LEDs become a hot
topic and attract a lot of attentions of replacingditional lighting sources. With the
increase of total power of LED luminaries, multiacimel constant current (MICLED

driver is needed.

In order to overcome the drawbacks of traditiomab-stage multiple LED driver
solutions, a single-stage MCLED driver concept has been proposed. Multiple
transformer structure is used to provide multiplerent source outputs. A PWM half
bridge topology is chosen to implement the propasettept first. In order to analyze the
current cross regulation under unbalanced LED ¢mmdi, a general model is derived.
Through simulation verification for various unbatad conditions, the proposed circuit
shows good robustness to LED forward voltage vianaand short failure. However, the

MC® PWM LED driver still has some drawbacks and ndadier improvements.

The LLC resonant topology is chosen to further iowerthe efficiency, reduce cost
and save components of the LED driver. Besidesiphltransformer structure, a DC
block capacitor in transformer's secondary sidalse used to balance two LED strings'

currents.
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LLC voltage and current gain characteristic is & by considering the LED i-v
character for design purpose. Both of them canxXaetly mapped between each other.
Based on the modified current gain curve, a depigitedure of LLC LED driver is
developed, in order to provide constant currenpeiutvithin the whole line and load
changes. A 100 kHz 200 W 4-string MICLC LED driver is designed and tested to
verify the proposed circuit and design procedurbe Proposed circuit shows good
current sharing capability for both balanced antalemced LED load conditions. Two

dimming methods are also proposed and verifieddpgement.
4.2 FutureWorks

In this thesis, two methods for dimming controME? LLC LED driver is proposed
and investigated. Frequency modulation is easympldment but also has drawbacks
such as wide frequency range and poor efficieneyildav dimming ratio. Burst mode
control method can overcome such drawbacks andowephe dimming efficiency very

well.

The feasibility of burst mode dimming method haseadly been demonstrated
through experiment. By using the state plane amalsd optimal pulse width control
method proposed in [36], the fast transient respdr@em zero current to 100% current
and vice versa can also be achieved. In some LEicagion, fast transient response is
in great demand. Hence how to implement this carioép the control of MELLC LED

driver is also a good topic for future work.

In some LED applications, a PWM type current thtoudeD is unacceptable

because of some frequency interfering concerns witier devices such as remote
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controller. So the burst mode dimming method matyl®oa good choice. Instead, a DC
current is more desirable. As a result, besidegurrcy modulation dimming methods,
other dimming methods should be investigated. Rialerandidates may include: adding
a notch filter into the resonant tank; PWM contfelg. phase-shift PWM control and

asymmetric PWM control etc.) and also some comlmnatbetween them.
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Appendix. Design Procedure of MC®LLC Resonant LED

Driver

Fig. A.1 shows the circuit schematic of proposewylsi-stage M& LLC resonant

LED driver. For a good design of MCLC LED driver, it should fulfill two targets:

» Firstly, the LED driver's efficiency at normal opéng condition (which is
also the most common operating condition) shouldgdiamized,;

» Secondly, both input voltage and LED output forwaaitage have certain
variations; the M& LLC LED driver should have the capability to proei

100% constant current output within the whole ingdi output ranges.
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FigureA. 1 Circuit Schematic of MC?LLC Resonant LED driver

There are four key design parameters for thisMICC resonant LED driver -
transformer's turns ratio, transformer's magnegizinductance, resonant inductor &

capacitor.
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Compared to the optimal design procedure proposed33], the design and
optimization of transformer’s turns-ratio and maigieg inductance in the MCLLC
LED driver are quite similar to the LLC front-endCIDC converter design. However,
the design of resonant tank (alsp & Q) should be based on the LLC current gain
characteristic with LED load derived in Chaptem3order to achieve peak current gain

requirement under (Y min, Vin_may condition.

The design procedure can be divided into threesstegd the design criteria for each

step will be discussed in details as follows.
1. Transformer's turns ratio N

The transformer's turns ratio is the first parametieich needs to be designed. The
transformer's turns ratio directly determines theverter's operation point under normal
input and output condition. On the other hand,tB® driver is desired to achieve high
efficiency under normal condition. Consequently ttesign of transformer's turns ratio
should make the converter operate close to thenaegofrequency under normal

condition, which is the most efficient operatingrgmf LLC resonant converter.

The converter's current gain at normal conditiom loa expressed by equation (A.1),
which is a function of transformer's turns ration N order to operate at resonant
frequency, N should be properly designed so thatctirrent gain at normal condition
equals to one.

V
( P _\/th nom)/ R:i
M=—=aN - =1

| | (A.1)

(o]
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Obviously, given certain design specifications .(&yen Mn nom & Vih_non), the
turns ratio N can be calculated. However, the datmn result is possibly not a integer.
Then the ceiling function is used to choose thellgstaollowing integer as the design of
transformer's turns ratio. By choose the turn®natimber in this way, the benefit is that
under normal condition, the converter could operedry close but slightly below the
resonant frequency. As a result, both primary 8id@SFETs and secondary side diodes
can achieve ZVS turn-on and ZCS turn-off. Espegiédk the secondary side diodes,

ZCS operation can minimize the reverse recover.los

For example, when normal input voltage and LEDfseghold voltage are 380V and
40V respectively, the turns ratio N can be cal&adain equation (A.2) by using the

ceiling function:

N = Vi =11.9|=2
B 4(\/th_nom+|om) _I_ . —I_ (A2)

Based on the designed turns ratio, the LLC curgairt curves can be drawn in Fig.
A.2. We can see that the operating point at nowoabition is very close and slightly

below the resonant point, which meets our desigeatilve.
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2. Dead-time § and transformer's magnetizing inductanceL

Before selecting transformer's magnetizing induamalue, the dead-time should
firstly be optimized. In paper [33], the relatioisibetween dead-time and converter's
primary side and secondary side conduction lossbkas derived. Based on the circuit
specifications, we can draw the curves of primaalg eind secondary side RMS currents

as a function of dead-time, as shown in Fig. A.@ Big. A.4 respectively.
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FigureA. 4 Relationship between Secondary RM S Current and Dead-time

Then by using the on-resistance of primary side MPB and forward voltage of
secondary side diodes, the relationship betweeh tonhduction loss and dead-time can

be drawn in Fig. A.5.
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Figure A. 5 Relationship between Total Conduction L oss and Dead-time

From Fig. A.5 we can see the relationship betwemverter's total conduction loss
and dead-time shows a U-shape. As a result, a optidead-time range can be found out
so that the lowest conduction loss can be achieVkedn the corresponding optimized

dead-time can be determined. In the prototype dedigOns dead-time has been chosen.

The dead-time optimization is critical for the sien of transformer's magnetizing
inductance. The magnetizing inductance value -catermdne the amplitude of
magnetizing current during dead-time directly, vihis used to fully discharge primary

side MOSFETS' junction capacitor so that ZVS tunnean be achieved.

The relationship between magnetizing inductance rmadnetizing current during

dead-time can be calculated in equation (A.3).

_2NV, T,
M L 4

m
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Which is used to discharge the junction capacitopramary side MOSFETSs, as

shown in Fig. A.6.

(-
+ QH:
— Vin

L
T
QﬂE} Coss CD Im

Figure A. 6 ZVS Requirement for Magnetizing I nductance Design

In order to achieve ZVS, during dead-time peride, following equation has to be

satisfied:
I Mtd 2 2Coss\/in ('A

Combining equation (A.3) and (A.4), the selectionitecia for magnetizing

inductance |, can be found in equation (A.5)

(A.5)

In the prototype design, for 100 kHz switching freqcy and 150ns dead time,
together with 150 pF & of the MOSFET (STD13NM60N), the value of magneiigi
inductance can be easily calculated and aroundu80@the sum of two transformers'

magnetizing inductances).
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3. Resonant tank design (L& Q)

After transformer's turns ratio and magnetizinguictdnce have been determined,
the only parameters remaining for design is themast tank inductor and capacitor. The

definitions of inductor ratio Land quality factor Q are shown in the followingiations:

Ln:i
Lr
L /C
Q=—=7
8N R,
n.Z

We can see that since the resonant tank indugtand capacitor Chave certain
relationships with L. and Q. As long as the value of and Q can be determined, the
values of Lr and Cr can be easily calculated cpoerdingly. The impact of Land Q on

the circuit's character needs to be investigatatiatosome design criteria can be found.

For different L, and Q values, the shapes of current gain curvéschange and
hence impact the operation region under dimmingditimms. Current gain curves with

different L, and Q values under normal condition are compardsg. A.7.

Comparing these three cases with differeqt Malues, although under normal
condition the converter always operates at thenasopoint, the choice of,Ldoes
impact the operation region under dimming condititme smaller the | value, the

narrower the switching frequency range under dingnaiondition.
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FigureA. 7 Impact of L, & Q on LLC Current Gain Curves under Normal Condition

97



From the dimming operation point of view, the ficsiteria for L, and Q design can

be generated:

» Smaller L, is preferred because narrower switching frequaaocge can be

achieved.

Furthermore, in this MELLC LED driver design, the variations of input tae
and output LED threshold voltage also need to besidered. The current gain curves
under normal condition and two boundary conditiaresshown in Fig. A.8 (choose#5

as an example).

Obviously, when either input voltage or LED threlsheoltage varies, the converter
have to modulate the switching frequency to mamtainstant current output. Under the
normal condition, the converter operates closeht resonant point to provide 100%
LED load current and high efficiency can be achiewgnder (M, max Vo_min) condition,
the LLC converter increases the switching frequetacseduce the current gain in order
to keep constant current output. On the contrangleu (Mn min, Vo_may condition, the
LLC converter decreases the switching frequencidost the current gain in order to

keep constant current output.

From Fig. A.8 (c), we can notice that for some8L.Q designs, the peak current gain
can't reach to one anymore (e.g. when Q>3), whiehna the LLC converter will lose
the capability of providing 100% constant currenter (Mn min, Vo_may condition. As a
result, (Mn_min» Vo_may condition is the worst case condition for theigef L, and Q.
The impact of |, and Q on peak current gain under worst case ¢ondi¥in_min, Vo_may

are shown and compared in Fig. A.9.
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From a series of current gain curves shown in ki@, it is clearly shown that the
impact of L, and Q on the converter's peak current gain. Héerdint L, and Q, the peak
current gains which can be achieved are quiteréifit Only some certain combinations
of L, and Q values can achieve required peak currentaggad maintain constant current

output under this worst case conditions(Min, Vo_may-

In order to determine all the valid combinationsLefand Q values, a peak current
gain surface for differentland Q values (blue surface) are calculated antepiin Fig.
A.10. Using a flat surface (yellow surface) to euth the achieved peak current gain
surface, a intersection line (red line) can be tbont. Only for those Land Q values
above the red line, the achieved peak current iganigher than 1 and the converter can

maintain 100% current output within the whole inpatl output ranges.

Achieved Peak Current for different Ln & Q
@ (Vinimin’ Vthimax) Condition

Peak current gain

FigureA. 10 Achieved Peak Current Gain for Different L, & Q
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For easy understanding and design purpose, welcathp 2-D projection of the red
line as in Fig. A.11. In order to achieve peak entrgain larger than one, the design gf L

and Q should be chosen on the left-upper sideeofed line.

However, if only considering this peak current gagguirement, there are still
infinite choices of k and Q values. The question is how we can choasprtiper |, and
Q values from all the possible choices. Other cands are need to be investigated in

order to narrow down the design choices.

If we take a look at the definition of,land Q, the following equation can be easily

derived:
27t
L, Q=—%"I[L, (A.6)
8N R,
772

It can be seen that after the transformer's tuatis and magnetizing inductance are
designed in the first two steps, the product péhd Q is no longer an arbitrary value, but
has to keep constant, as in (A.6). In other wonis;e the kL value is chosen, the

corresponding Q value has already been determined.

In the prototype design, for the required magnegjzinductance of 800uH, the
product of L, and Q has also been determined, which is 15. Ehéyperbolic line
(purple line), which represent the constant prodidt, and Q, can be added into Fig.
A.11. The design of Land Q can be further narrowed down, which locatesg the
purple line, but above the intersection point. thes words, in order to satisfy the peak

current gain requirement, the design gihlas a minimum value.
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FigureA. 11 Design Choicesof L, & Q

Recalling the previous analysis about the impadt,aind Q on dimming operation,

there are totally two criteria for,land Q design:

» Lphas a minimum value in order to satisfy the paakent gain requirement;
» Smaller L, is preferred because narrower switching frequaaocge can be

achieved under dimming condition.

Combining these two design criteria, it is veryyemsdetermine that the intersection
point is the desired design choice. In the protetgipsign, the design values gfdnd Q

are 5 and 3, respectively.

It is also possible than there is no intersectiomipbetween peak current gain curve

(red line) and constant product curve @f&.Q (purple line), as shown in Fig. A.12.
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Figure A. 12 Design Choicesof L,, & Q (nointer section point cases)
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Obviously there are two possible conditions:

» When purple line above red line, as shown in Fig.2A@a);

» When purple line below red line, as shown in FigLA(b).

For the first case, because the purple line abeudine, that means all the design
choices along the purple can reach peak currentlgajer than one and constant current
output capability can always be satisfied. If serall, is chosen, it will lead to narrower
switching frequency range but on the other handiireg larger resonant inductor and
increase converter size. So in this case, the ehafit, and Q depends on the trade-off

between frequency range under dimming conditioncamyerter size.

For the second case, when purple line below reg tirere is no choice along purple
line which can achieve peak current gain requir@émenother words, the product of, L
and Q is too large. We need to go back to the skclmsign step and redesign the
transformer's magnetizing inductance. LL, value needs to be reduced according to
(A.5), which will sacrifice the converter's efficiey but ZVS operation can still be
achieved. The trade-off needs to be made betweak parrent requirement and

efficiency.
Loop gain measurement and compensator design ofghe&otype

Based on the design procedure and results, a 1Q@®0W, 4-string ME LLC
LED driver has been built. The circuit diagram witkal parameters in prototype is

shown in Fig. A.13.
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FigureA. 13 Prototypewith Real Circuit Parameters

In order to design the compensator, the controlotdput transfer function is

simulated under normal condition in Simplis. Theléplot is shown in Fig. A.14.
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FigureA. 14 Bode Plot of Control to Output Transfer Function under Normal Condition

The bandwidth of LLC resonant converter is usud#égigned to be relatively around
several kHz to achieve enough phase margin. Incdss, the crossover frequency is also

chosen to locate before the double and a simpt®mpensator is used, as shown in Fig.

A.15.
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FigureA. 15 Pl Compensator for MC* LLC LED Driver
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The bode plot of closed loop gain is shown in Rd.6. The crossover frequency is
about 2.5kHz and phase margin is 82 degree. Duhiagclosed-loop experiment, the
circuit has been verified to be stable and the UB& current can be maintained as

desired value within either line or load changes.
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FigureA. 16 Bode Plot of Loop Gain
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