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A PEAK CURRENT CONTROLLED DIMMABLE SEPIC LED DRIVER
WITH LOW FLICKER

SUMMARY

Nowadays, a considerable part of the energy consumption in the world has been
formed by lighting sources used in buildings, industry, transportation, and commercial.
Yet, there has been a rapid decrease in traditional energy resources. Therefore, an
energy efficient lighting system could be a solution to global energy problem. Light-
emitting diodes (LEDs) have been taken much attention lately and expected to replace
with classical lamps due to their special characteristics like high efficiency, long
lifetime, environment friendly, robustness, and small size. However, a driver circuit is
required to operate LEDs and constant current drivers can improve the LEDs
performance. Hence, studies on LED driver circuits and its control method have
recently been increased both in industry and in academia.

In some applications, it is desirable to have control on LED brightness. This can be
done by a current-control method that adjust the current flowing through LEDs. But,
there are recommended practices while modulating current in High-Brightness LEDs
for mitigating health risk to viewers in IEEE Std. 1789-2015. Most of the driver circuit
have put on the market without any flicker measurements and checking these
recommended practices about percent flicker and flicker index. All light sources may
have flicker with various levels. However, the flicker generally exists in LED lighting
when AC to DC conversion is present. Because of the full-wave bridge rectification in
AC-DC LED drivers, LED lamps will have a peak-to-peak current ripple at twice the
line frequency (100 Hz or 120 Hz). Hence, the flicker is mainly dependent on the driver
circuit for LED lighting. Health risks and biological effects of flicker to the viewers
such as headache, eyestrain, and seizures cannot be ignored and should be taken into
consideration when designing a LED driver. A flicker-free LED driver can improve
the visual performance and offer a human health friendly lighting.

In this thesis, a peak-current control method is proposed for 30-Watt Single Ended
Primary Inductor Converter (SEPIC) LED driver with adjustable output current. The
proposed control strategy is based on measuring MOSFET peak current value using a
shunt resistor. When this voltage reaches peak threshold value, controller turns off
switch. The output current is adjusted to desired levels by changing this peak threshold
value. Both simulation and implementation of the driver have been carried out. 220V
rms, 50 Hz AC main is used as input of the driver. Pulse Width Modulation (PWM)
signals are generated by using UC3842 and TL3845 Integrated-Chips (IC). Flicker
measurements are taken from the output current curve. To validate proposed peak
current control method, a 33.6 Watt, 112 VV / 0.3 A SEPIC LED driver prototype is
constructed and tested. Analysis and measurements have been carried out for different
output current levels. Peak efficiency is obtained as 88.4% at nominal output current.
Furthermore, 5.806% and 6.540% of percent flicker have been obtained at 300mA and
100mA, respectively.
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It has been found that the proposed Peak-Current-Mode-Controlled SEPIC LED driver
offers LED brightness control for the consumer comfort, a high efficient system for
energy efficiency, and a low-risk level of flicker for human health.
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DUSUK FLICKERLI TEPE AKIM KONTROLLU AYARLANABILIR SEPIC
LED SURUCU

OZET

Glinlimiizde diinyadaki enerji tiiketiminin 6nemli bir kismini binalarda, sanayide,
ulasimda ve ticari alanlarda kullanilan aydinlatma kaynaklar1 olusturmaktadir. Ote
yandan, geleneksel enerji kaynaklar1 hizla azalmaya devam etmektedir. Bu nedenle,
enerji verimli bir aydinlatma sistemi, kiiresel enerji sorununa bir ¢ézlim getirebilir. Isik
yayan diyotlar (Light Emitting Diodes- LEDs), yiiksek verimlilik, uzun 6miir, gevre
dostu, saglamlik ve kii¢iik boyutlar1 gibi 6zellikleri nedeniyle son zamanlarda biiytik
ilgi gormektedir ve LED’lerin klasik lambalarin yerini almasi1 beklenmektedir. Ancak
LED' leri ¢alistirmak i¢in bir siiriicii devresine ihtiya¢ vardir ve akim kontrollii
stiriciiler LED’in performansini artirabilir. Bu nedenle, son zamanlarda LED siiriicii
devreleri ve bu devrelerin kontrol yontemleri ile ilgili ¢aligmalar akademide ve
sanayide daha fazla ilgi gormektedir.

LED’ler dogru akim (Direct Current- DC) ile ¢aligmaktadirlar. LED’ in Akim-Gerilim
(I-V) egrisi diyotun galisma egrisine benzemektedir. LED’e uygulanan gerilim esik
gerilimine ulasincaya kadar LED iizerinden bir akim akmaz. Bu esik gerilimine
ulagtiktan sonra akim akmaya baslar. Yiiksek Parlakli LED’lerin (High-Brightness
LEDs) calisma gerilimi genellikle 2.5 V ve 4 V arasinda degisirken, bu LED’lerin
calisma akimlart 50 mA ve 300 mA arasinda degismektedir. Fakat daha kuvvetli bir
aydinlatma elde etmek i¢in LED’ler seri, paralel veya seri/paralel diziler halinde
baglanabilirler. Bu durumda, yiik olarak birbirine seri olarak baglanmis birden fazla
LED diistiniiliirse, LED’leri ¢alistirmak i¢in uygulanmasi gereken minimum gerilimin
LED’ lerin gerilim diisiimlerinin toplamina esit olmasi veya bu gerilimden yiiksek
olmasi gerekmektedir. Genellikle gereken dogru gerilim AC sebekeden tam-dalga-
koprii-dogrultucu ve dogrultucu 6niinde bir kapasite yardimiyla elde edilir. Tiirkiye’de
AC sebeke etkin gerilimi (Root Mean Square-RMS) 220 Volt iken, sebeke frekansi1 50
Hertz’dir. Sebeke gerilimi dogrultulduktan sonra, bir siiriicii yardimiyla LED’in
nominal ¢aligma akimi ve gerilimi elde edilmeye ¢alisilir. LED’ e giden akimi bir
diren¢ yardimiyla sinirlama veya dogrusal gerilim ayarlayict ile LED’e giden akimi
kontrol etme gibi LED siirlicii yontemleri vardir. Ancak bu yontemlerin enerji
verimliligi oldukca diisliktiir. Bu yiizden, LED siiriiciilerinde verimliligi artirma
noktasinda yiiksek kontrol kabiliyetleri ile anahtarlamali gii¢ kaynaklar1 (Switching
Power Supplies) tercih edilebilir.

Genelde, sebekeden beslenen bir AC-DC LED siiriicii devresinde sirasi ile bir AC-DC
doniistiiriicti, ardindan DC-DC dontistiiriicii ve en son olarak LED gelir. Bu yapida en
cok karsilagilan problemlerden ilki, AC-DC doniistiiriiciiden hemen sonra gelen biiyiik
elektrolitik kapasite sebebiyle kaynaktan ¢ekilen giris akimimin toplam harmonik
bozunumu (Total Harmonic Distortion-THD) yiiksek olmasi ve giriste gii¢ faktoriiniin
diisiik olmasidir. Sebeke giic kalitesini diisiirmemek igin, genellikle gili¢ elektronigi
devreleri igeren LED siiriiciileri gibi elektronik aygitlar tarafindan cekilen sebeke
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akimi  harmonikleri  Uluslararas1  Elektroteknik ~Komisyonu (International
Electrotechnical Commission-IEC) tarafindan IEC61000-3-2 standardina gore
siirlandirilmigtir. Bu standarda gore aydinlatma aygitlart C kategorisinde iginde
bulunmaktadir. Gii¢ faktoriinii 1° e yaklastirmak ve akimi olabildigince sebeke
gerilimine 6zdes tutmak icin Gii¢ Faktorii Diizelten (Power Factor Correction- PFC)
stirticii devreleri bulunmaktadir. Cogunlukla GFD devrelerde, dogrultma isleminden
sonra gelen biiylik elektrolitik kapasite devreden kaldirilarak, giris akiminin giris
gerilimini takip etmesini saglayan kontrol yontemleri uygulanmaktadir. Bu sayede,
sebeke kalitesini bozmayan gii¢ faktorii yiiksek LED siiriiciileri tasarlanmis olur.
Ayrica, ortalama omrii 5000 saat olarak bilinen elektrolitik kapasitenin kaldirilmasi
siiriicliniin de dmriinii uzatmaktadir. Tahmin edilen 6mrii 50000 saat olan LED’ler,
elektrolitik kapasitelerden tam 10 kat daha uzun 6miirliidiir. Aslinda, LED ve LED
stiriiclisti bir paket halinde diisiiniiliirse, bu paketin émrii siirlicii devresi tarafindan
belirlenmektedir. Elektrolitik kapasitenin devreden kaldirilmasi, bu yapiya daha uzun
bir Omiir saglayabilir.

Lakin GFD siiriiciilerde elektrolitik kapasitenin devreden kaldirilmasi beraberinde
“flicker” diye adlandirilan, aydinlatma cihazlarinda karsilagilan bir sorunu daha
belirgin bir hale getirmektedir. Flicker Tiirk¢e olarak “kirpisma” veya “titreme”
adlandirilmaktadir. Flicker Aydinlatma Miihendisligi Toplulugu (Illuminating
Engineering Society- IES) tarafindan “anlik parlaklik degisimleri” olarak
tanimlanmistir. Yizde flicker [Percent Flicker- Modulation (%)] ve Flicker indeks
(Flicler Index) bu degisimi dlgmek i¢in en sik kullanilan metriklerdir. Flicker olay1
izleyiciler- yani insanoglu tarafindan ¢iplak gozle fark edilebilir veya fark edilemez
seviyelerde gerceklesmektedir. “Goriiniir flicker” frekans araligi 3 Hz’ den 70 Hz’e
kadar tanimlanmis olsa da insandan insana gore bu aralik farklilik gdsterebilir. 70 Hz
tizeri flicker frekanslar1 “gériinmez flicker” olarak tanimlanmaktadir. Gorlinmez
flicker gozle goriillemeyecek kadar hizli olmasina ragmen, insan retinasinin 100 Hz ila
160 Hz frekanslar1 araligindaki 151k modiilasyonunu ¢6zebildigi saptanmistir. Gorlinen
ve goriinmeyen flickerin insan sagligi izerinde potansiyel riskleri olabilir. Bunlardan
bazilar1: bag agrisi, goz yorgunlugu, gérme bozuklugu, migren, vertigo, epilepsi ve
nobet gibi insan saghigini olumsuz etkileyen ciddi biyolojik etkilerdir ve g6z ardi
edilemez. Bu etkilerden, epileptik ndbet birkag saniyelik goriiniir flickere maruz kalma
sonucu hemen gercgeklesebilir. Ayrica, uzun siireli goriinmez flickere maruz kalma
sonucu bas agrilari, gorme performansinda diisiikliik gibi insan sagligi iizerinde
olumsuz etkileri goriilebilir.

AC-DC LED siiriiciilerinde dogrultma isleminden sonra aslinda tam bir dogru gerilim
elde edilmez. Elde edilen gerilim, bir DC bilesen ve sebeke frekansinin iki kati yani
Tirkiye i¢cin 100 Hz olan bir AC bilesenden olusmaktadir. Bu 100 Hz’lik AC bilesen,
LED fiizerine uygulanan gerilime de yansimaktadir. Tepeden tepeye (Peak-to-Peak)
AC gerilim dalgalanma biiyiikliigiine gore, LED’ in akimi daha biiyiik oranlarda
dalgalanma yapacaktir. LED’in parlakliginin, LED’in iizerinden gegen akim ile dogru
orantil1 oldugu diisiiniiliirse, akimdaki 100 Hz’lik AC dalgalanma aslinda LED’in 100
Hz’lik frekansla flicker yapmasina sebep olacaktir. IEEE Gii¢ Elektronigi Toplulugu
tarafindan (IEEE Power Electronics Society) IEEE 1789-2015 standard1 kapsaminda,
Yiiksek Parlaklik LED’lerde akim degisiminin izleyicilere yonelik saglik riskini
azaltmak icin onerilen uygulamalar vardir. Onerilen uygulamaya gére, 100 Hz’lik
flicker frekansindaki Yiizde Flicker %8’in altinda olmas1 gerekirken, Flicker indeks
0.1’in altinda olmalidir. Siiriicii devrelerinin ¢ogu, herhangi bir Flicker 6l¢limii
yapmadan ve Flicker ylizdesi ve Flicker indeksi ile ilgili bu dnerilen uygulamalari
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kontrol etmeden piyasaya siiriilmektedir. Flickerin izleyiciler {izerindeki biyolojik
etkileri gbz ardi edilemez ve bir LED siiriiciisii tasarlanirken bu etkiler gz 6niinde
bulundurulmalidir. Flickersiz bir LED siiriicii gorsel performansi iyilestirebilir, insan
saglig icin daha saglikli bir aydinlatma saglayabilir. Literatiirde ¢alismalar LED’1
stirecek olan akimi olabildigince dogru akima yaklastirma yoniindedir.

Bu tezde, ¢ikis akimi ayarlanabilir 30 Watt SEPIC LED siiriiciisii i¢in bir tepe akim
kontrol yontemi Onerilmistir. Siirlicii girisi olarak 220V rms, 50 Hz AC sebeke
kullanilmistir. Yar1 iletken anahtar siirme kolayligi ve devre cikisindaki polaritenin
giris ile ayni olmasi sebebiyle DC-DC doniistiiriicii olarak SEPIC (Single Ended
Primary Inductor Converter) secilmistir. Cikis akiminin ayarlanabilir olmasi i¢in Tepe
Akim Modu kontrol (Peak-Current-Mode-Control) ydntemi segilmistir. Onerilen
kontrol stratejisi, bir sont diren¢ kullanarak devredeki anahtarin tepe akim degerinin
Ol¢iilmesine dayanmaktadir. Bu akim degeri, tepe esik degerine ulagtiginda kontrolcii
anahtar1 kapatmaktadir. Tepe esik degeri degistirilerek ¢ikis akimi istenilen seviyelere
ayarlanmaktadir. Anahtar tepe akimi her anahtarlama periyodunda olgiildiigiinden,
anahtarin yanmasina sebep olacak asir1 akimlar Onlenmis olur ve sistem ani
degisimlere kapali dongii kontrol (Closed Loop Control) yontemiyle hizli cevap
vermektedir. Darbe Genislik Modiilasyonu (Pulse Width Modulation- PWM)
sinyalleri, UC3842 ve TL3845 akim kontrol entegreleri kullanilarak tretilmistir.
Onerilen siiriiciiniin hem simiilasyonu hem de uygulamasi yapilmistir. Simulasyonda
anahtarlama frekansi 100 kHz, uygulamada ise 40 kHz secilmistir.

Simiilasyonun ilk kisminda 6nerilen kontrol yontemi, gii¢ faktorii kotii olan klasik bir
AC-DC LED siiriicii iizerinde denenmistir. Onerilen kontrol yontemi ile 50 mA ve 300
mA arasinda akim kontrolii yapilabildigi kanitlanmistir. Ayrica, Olgiilen flicker
metriklerinin 6nerilen limitlerin i¢inde kaldig1 tespit edilmistir.

Simiilasyonun ikinci kisminda, gili¢ faktoriinii iyilestirmek hedeflenmistir.
Dogrultucudan sonra gelen kapasite devreden kaldirilmistir ve AC giristen bir referans
alinarak akimin giris gerilimini takip etmesi saglanmistir. Gii¢ faktorii 0.98” yakin
tutulurken, ¢ikista 100 mA ve 300 mA arasinda akim ayar1 yapilmistir. Devre 300 mA
altinda c¢alistirilirken, yiizde flicker Onerilen limitlerin biraz {izerinde Ol¢lilmiistiir
ancak flicker indeks hep 0.1 limitinin altinda kalmistir.

Onerilen kontrol yontemi dogrulamak i¢in, 33.6 Watt, 112 V, 300 mA bir SEPIC LED
siirticii devresi kurulmustur. Farkli ¢ikis akim seviyeleri i¢in analiz ve Olc¢limler
yapilmistir. Maksimum verim, devre nominal ¢ikis akiminda ¢alisirken %88.4 olarak
bulunmustur. Elde edilen sonucglar, 100mA ve 300 mA arasinda akim Kkontrol
yapilabilecegini ve siiriiciiniin  %80’in {izerinde bir verimle calistirilabilecegini
gostermektedir. Ayrica 300mA ve 100mA'da sirasiyla %5.806 ve %6.540 oraninda
yiizde flicker elde edilmistir. Bu tezde oOnerilen kontrol yonteminin baska siiriicii
devrelerinde rahatlikla kullanilabilir oldugunu hatirlatmakta fayda vardir. Sonug
olarak, 6nerilen Tepe-Akim-Modu-Kontrolliit SEPIC LED siiriiciiniin, tiikketici konforu
icin LED parlaklik kontrolii, enerji verimliligi i¢in yiliksek verimli bir sistem ve insan
saglig1 i¢in diislik riskli bir flicker seviyesi sundugu tespit edilmistir.
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1. INTRODUCTION

Nowadays, light emitting diodes (LEDs) are preferred in general lighting applications
due to their high luminous efficacy, long lifetime, robustness, and small size [1], [2].
Halogen bulbs, fluorescent and compact fluorescent lamps (CFL) and high intensity
discharge (HID) lamps are some of the other lighting technologies used in the
industrial, commercial and residential lighting [3]. Lighting applications forms a large
part of electricity consumption in the world. Hence, the most important subject when
designing a lighting system is to reduce energy consumption and increase efficiency
like in any other electrical system/application. Therefore, LED’s have been replaced
with classical bulbs in recent years since they use less electricity and generates less
thermal dissipation. Moreover, LED’s are environment friendly because they do not

contain any mercury like the fluorescent lamps [3], [4].

However, the driver circuit plays remarkable role in dominating the energy efficiency.
The overall system efficiency can be increased with an appropriate driver circuit [4].
The efficiency of conventional LED drivers including resistor based current limiters,
charge pumps, and linear regulators is low [5]. The high efficiency can be acquired by
switched mode power supplies with a high control accuracy that make them unique as
high-power LED drivers [5]. Classical LED drivers can be subdivided into single-stage
and two-stage LED drivers [4], [6]. Single stage driver is a DC/DC converter with
constant output current which can accomplished power factor correction. Two-stage
driver has PFC circuit that is responsible for high power factor and DC/DC converter,
separately. With the advancing technologies, integrated-stage topologies which can
merge PFC stage and DC/DC stage into one stage by sharing active power switches
and control circuits are designed to overcome the large size and high cost of the two
stage converters [4]. High efficiency, high reliability, and fast output dynamics can be
acquired by integrated stage converters. Besides, a current loop is mostly included to
control stage of DC/DC converter to obtain constant current control, since the LED
luminosity depends on the current flowing through LED lamp. Furthermore, a current

balance stage will be needed when multiple arrays of LED are adopted [4], [7].



Many circuit topologies and control algorithms have been developed to improve
system power factor for LED drivers. Passive power factor correction and active power
factor correction circuit topologies are well explained in [8] for researchers interested
in PFC circuits. Among them, well known active power factor correction switch mode
power supplies that are buck, boost, buck-boost, Flyback and fourth-order CUK,
SEPIC and Zeta converters etc. can be used as LED drivers while keeping the PF close
to unity. These converters can operate in continuous conduction mode (CCM),
discontinuous conduction mode (DCM), and boundary conduction mode (BCM). In
addition, SMPS used for LED drivers can be classified according to the converter
whether is isolated/non-isolated or step-up/step-down.

Furthermore, PFC LED drivers can be categorized according to control techniques
such as current mode control and voltage mode control. Several known methods
related with current mode control are average current control, peak current control,
and 12 average current control. As well as, there are digital PFC control techniques
that are expected to replace the analog PFC control technigues due to development in

digital circuits [8].

Another key point when driving LEDs is that the light modulation that is also called
as flicker, flutter, and shimmer. Flicker is defined as “variations of luminance in time”
[9]. Percent flicker [Modulation (%)] and flicker index are the most commonly used
metrics to quantify this variation [9], [10]. All light sources may flicker with various
levels. However, the flicker exists in LED lighting when AC to DC conversion is
present. In that case, LED lamps will have a peak-to-peak current ripple at twice the
line frequency (100 Hz to 120 Hz). Hence, the flicker is mainly dependent on the driver
circuit for LED sources. Visible (3 Hz to 70 Hz) and invisible flicker can have potential
risks on human health. Health risk and biological effects of flicker cannot be ignored.
Headache, eyestrain, and seizures are some of them. The detailed information about

flicker and its biological effects are explained in related section and in [9].

1.1 Literature Review

In literature [2], an average current controlled PFC SEPIC LED driver is proposed for
30-Watt, 12 VV/ 2.5 A LED. Universal input voltage 85-265 VV AC, 50 Hz is used. High

power factor and THD are obtained within the input voltage range. However, the



results are obtained from the simulation and the proposed driver circuit is not

implemented.

In literature [11], a peak current mode control strategy is proposed for Power Factor
Correctors that are used to drive high-brightness LEDs. With a special selection of the
compensation slope, minimum THD levels and high power factor are obtained. 45-
Watt, 14-16 V / 3 A PFC Fly-back topology is prototyped and tested. For the
implementation of control strategy, current-mode-controller UC3843 is used.
Proposed control method has kept PF close to unity even when the line frequency is
increased from 60 Hz to 800 Hz. This has been achieved by cycle-by-cycle of input

current. Even so, the converter has not been designed for dimming function.

In literature [7], A voltage mode controlled 240 Watt SEPIC LED driver with an
output voltage of 24 V is proposed to be used in automotive and railway LED
applications. Input voltage of the converter varies between 16 V and 36 V. The closed
loop stability of the converter has been analyzed using average switch model under
possible input voltage and load conditions. Although, the load has been chosen as

resistor instead of LED.

In literature [12], Single stage high power factor 6 Watt SEPIC LED driver is
proposed. SEPIC inductors are realized in the same core. The compatibility of input
current harmonic spectrum to IEC 61000-3-2 standard is examined. However, an open

loop control method is preferred.

In literature [13], a single stage single switch LED driver based on the integrated
SEPIC circuit and Class-E resonant converter is proposed to be used for street lighting
system in. High power factor is obtained by operating the SEPIC converter in
discontinuous conduction mode. Soft switching is achieved by resonant converter, so
that switching losses are reduced, system efficiency is improved. 100 Watt, 50 V
laboratory prototype is built. Low THD, high power factor and around 91% of
efficiency have been obtained in full load condition.

In literature [14], a PWM dimmable digital LED driver is proposed to control the
brightness of LED. PIC16F877A microcontroller is used to generate 1.95 kHz PWM
signal for dimming. LED current and luminous flux have been measured at different

duty cycles of PWM signal. But, the LED power was very low around 1 Watt.



In literature [5], a flicker-free AC-DC LED driver is proposed to increase the lifetime
of LED drivers by removing electrolytic capacitor from the driver circuit. Because, the
lifetime of an electrolytic capacitor is much less than the lifetime of LEDs. However,
when the electrolytic capacitor is removed, the current at the output will pulsate twice
the line frequency. AC component of this pulsating current that causes light flicker is
absorbed by the proposed bidirectional buck/boost converter. Therefore, there will be
only a dc component to drive the LEDs and light flicker will be absent. 33.6 Watt, 48
V /0.7 A prototype is constructed with around 90% efficiency by the proposed AC-
DC driver. The driver circuit consists of an electrolytic capacitor-less PFC fly-back
and a bidirectional buck/boost converter. As for the control variable, the average value
of the driving current is taken to regulate output flux of the LEDs. UC3843 controller

is preferred.

In literature [15], a ripple cancellation method is introduced to remove the twice the
line frequency LED current ripple in conventional offline single-stage PFC LED
drivers. If the ripple is cancelled from the output current, there will be only a pure dc
current to drive LEDs. Flicker-free LED driving will be achieved by this method. In
proposed method, an opposite twice line frequency ripple voltage is intentionally
generated by another converter (called as Ripple Cancellation Converter) to
compensate the ripple at output current. A 35-W, 50V/0.7 A Flyback and 10-W,
50V/0.2 A Buck-Boost LED drivers have been implemented by proposed control
technique. Around 85% efficiency has been obtained by both converters. Moreover,
the percent flicker is obtained as 5.4% from the sensed light output in proposed buck-
boost LED driver.

1.2 Purpose of Thesis

The main contribution of this thesis is to adjust brightness of LED and flicker-free
operation by proposing a peak current mode control method. Consequently, the
consumers can adjust LED brightness as demanded, where LED current is adjusted by
a control voltage. Furthermore, it is aimed to bring solution to flicker producing LED
lighting sources, which are driven by a driver and likely to produce harmful effects on
human health. A comprehensive measurement of percent flicker and flicker index have
been introduced by using LED driving current. In the power stage of driver design,

SEPIC converter is preferred since the switch is easy to drive and there is no reverse



polarity at the output. In the control stage of the driver, closed loop control is preferred
by using Current-Mode-Controllers UC3842 and TL3845.

1.3 Outline of Thesis

In Chapter 1, literature review and purposes of the thesis are expressed in detail. The

other parts of the thesis are organized as follows.

In Chapter 2, SEPIC converter is introduced and analyzed in continuous conduction
mode. The special selection of the active and passive components of the converter and
their mathematical calculations are represented. VVoltage mode control and current
mode control techniques are compared comprehensively. Moreover, expected features
from a LED driver are listed and peak current mode control method is chosen as the

optimum control technique.

In Chapter 3, electrical characteristics of LED are explained. Flicker issue in LED
lighting is investigated in-depth and biological effects of flicker are discussed. Flicker
limits are given for both percent flicker and flicker index. Finally, a peak-current-
mode-controlled SEPIC LED driver is proposed to adjust brightness of the LED.
Proposed control methodology is introduced mathematically. Two LED driver
circuits: with power factor correction and without power correction are represented by

proposed method.

In Chapter 4, simulation results of complete LED driver including power and control
circuits are given and discussed. Simulations of the PFC and without PFC drivers are
held in PSIM. Output current control of the LED string by proposed control method is
validated. Power factor comparison is carried out. In addition, flicker limits of the
related circuits are revealed. In Chapter 5, proposed PCMC SEPIC LED driver is

carried out in practice.

In Chapter 6, the results obtained in Chapter 4 and 5 are discussed, and the motivation

of this thesis is summarized.






2. CIRCUIT OPERATION ANALYSIS of CCM SEPIC CONVERTER

In this chapter, passive elements and semiconductor devices used in SEPIC converter
are explained first. The related voltage and current waveforms such as inductor
currents, switch current, and switch voltage of the SEPIC converter that operates in
continuous conduction mode are presented. Each component parameter calculation,
switching device selection and important design criterias are given. State-space
averaging technique is introduced and applied to the SEPIC converter. VVoltage and
current mode control methods are explained for Switch-Mode-Power-Supplies. Peak-

current-mode-control method advantages in LED drivers mentioned.

SEPIC converter consists of a single switch, a diode (D), two-inductors (L4,L,), a
coupling capacitor (C,), and an output capacitor (Coyr) as shown in Figure 2.1. The
DC voltage at the input of the converter can be rectified from the AC mains or it can
be directly a dc voltage source such as PV panels, batteries. Inductors can be realized

in the same core that is called as coupled inductor. The load is represented as R in

usual.
L, Ce D,
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Figure 2.1 : General DC-DC SEPIC converter.

The general principle of the converter lies on switching the semiconductor device at a
certain frequency. This switch can be a MOSFET or IGBT depending on the

application needs. The switching frequency and the power ratings of the converter are



the two important parameters when choosing the switching device. After the brief
information about the circuit elements, CCM operation of the SEPIC converter is

explained in next section.

2.1 CCM Operation of SEPIC

When the switch is replaced by a MOSFET, the voltages and currents belong to SEPIC
converter elements are indicated in Figure 2.2. As the name “Continuous conduction
mode” implies, the inductor currents never reach the zero point at any time.
Continuous conduction mode operation basically includes two stage which are the
switch on and switch off intervals. The boundary conduction mode and the
discontinuous conduction mode occurs when the inductor peak-to-peak current ripple
is equal to or greater than average inductor current in a DC-DC converter. In DCM
mode, there is a third interval, which both MOSFET and diode are off.

Ly Ce D,
Fren Il —
+ 1 +
+ VLl - + VCC - + VDl -
Si_¢p | + -
.1-
Vi ) L % \Y; —— R§
) <_ G Vos ’ . Cout Vour
S - +
L

GND

Figure 2.2 : SEPIC converter.

A pulse-width modulation signal is applied to gate-source pin of the MOSFET to turn
on/off the switch. When the PWM signal is high, MOSFET is closed. If the PWM
signal is low, MOSFET is open since there is no voltage applied to gate-source pin.
For the two operation intervals in CCM, the equivalent circuits are represented in
Figure 2.3.

The MOSFET is turned on/closed in the first interval DT,, where D is the duty cycle.
The input voltage is applied to inductor L,. The inductor current i;, starts to increase

with a slope of V;,, /L, until the end of this interval. The capacitor voltage V.. is applied



to inductor L,. Likewise, the i;, starts to increase. The MOSFET current will be equal
to sum of the two inductors’ current (i, + iy ;). The diode D, is off and the output

capacitor C,,,; supplies the load.

The MOSFET is turned off/open, in the second interval (1 — D)T;. Both inductor
current starts to decrease with a slope of (—VOUT/LLLZ), since —V,yr is applied to the
inductors. During this stage, the diode D, is conducting and the current flowing
through the diode is the sum of the two inductors’ current. The diode current feeds the
output section both capacitor and load. One period (Ts) of operation is now completed
by the second interval finishes and the first interval begins again. This repetitive
procedure goes on like T, 2T, 3T, and so on. After the explanations of operation
mechanism, the important waveforms of the circuit elements are illustrated in Figure
2.4 and Figure 2.5.

L C D,
+ +
+ Vv -
+ V|_1 + VCc - D1
+ -
“® e
in - Vbs 2 L2 Conm VOUT
- +
GND
(a) Interval DTs
L G D,
+ i +
+ Vu + Ve - + Vo -
-< + i
Vi C) L 3 V, s R§
in — VDS 2 L2 COUT VOUT
_ +

T oo

(b) Interval (1-D)Ts
Figure 2.3 : Operations stages of CCM SEPIC converter: a)Switch on. b)Switch off.



PWM sigrlal

»
Inductor Currents
A
A
___________________ SN SO
112 out
\ 4
A R
Iz
------------------- T S R '
\ 4
|
Voltage Stress
A
- VDl VDS ..
..... = // e = Vin+vout
> {

Current SAtress

e

iDS/"\ ips
s Iin+lout

/

heccccccccccads

Capacitor Current

!

A

A

\4

DT,

) (1-D)Ts

»
>

Ts
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Figure 2.5 : Voltage and current change of inductor L;.

To sum up the energy flow and switching device stress in a single period [16]:

In interval DTs;

The energy flows from the input voltage source to the inductor L, and stored
in it.

A part of the energy stored in coupling capacitor C,. flows to the inductor L,
and stored in it.

A part of the energy stored in output capacitor C, ;7 flows to the load and feeds
it.

MOSFET current is the sum of the two inductors’ current (i;; + i;,) and its
voltage is zero.

Diode voltage is the sum of the input voltage and output voltage (Vi,, + Vour)

and its current is zero since there is no conducting path.
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In interval (1 — D)Tx;

The input energy and the energy stored in inductors L4, L, flow to the coupling
capacitor C,. and the output section C,yr and the load.
MOSFET voltage is the sum of the input voltage and output voltage

(Vin + Vour) and its current is zero since there is no conducting path.

2.2 SEPIC Converter Design

With the following assumptions,

*

-+ + ¥

*

Capacitor ESR is zero.

Inductor resistance zero.

Switches are ideal.

Diode forward voltage drop is zero.
MOSFET on resistance is zero.

Input source is ideal.

calculations of the inductor and capacitor values will be given. Proper switch selection

and details about the circuit will be introduced.

2.2.1 Duty cycle considerations

The average inductor voltages and the capacitor currents are zero over a period

according to inductor volt-second balance and capacitor charge balance. In Figure 2.5

at bottom graphic, if the volt-second balance law is applied to the inductor L;:

Ts
1
VLl = _J ledt = 0 (21)
Ts
0
Vin DT — Vout(l - D)TS =0 (2.2)
VinD + Vout D = Vour (23)
%
p=—9%¢ (2.4)
Vin + Vout
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The key parameter D as duty cycle is found. Duty cycle determines the relationship
between the input and output voltages. The output voltage could be lower, higher than,
or equal to input voltage by adjusting the duty cycle. The relationship between the

input and output voltage can be given as:

= (2.5)

According to capacitor charge balance, the average current flowing through the C,

must be zero.

T

1

- f ic.dt = 0 (2.6)
0

The DC current will not flow through the coupling capacitor. Therefore, the output

current will be provided by inductor L, and will be equal to average current of L.

V
I = loy = ;ut (2-7)

Assuming that all elements in the converter are ideal, the input power should be equal
to the output power. In practice, there will be losses. The average current of inductor

L, is also the input current of the converter in Equation 2.8.

linVin = I1Vin = LoutVour (28)

2.2.2 Inductor and current ripple selection

As mentioned earlier, the inductor currents start to increase with a slope of V;,,/L; and
Vin/ Lo in the first interval. In this interval, di;; is the change in the amount of current
and dt is the change in the time. In Equation 2.9, replacing them by Ai;; and DT will

make the calculations easier.

di

1 d?:l = Vin (2.9)
Aipy

" DT, C Vi (2.10)
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VinDTy  VipD

L.=1L, = =
VU A Aif

(2.11)

Where, Ai,is called as peak-to-peak current ripple of L; and should be around 40%
of the average input current [17]. The inductance values can be determined from this
equation choosing the proper switching frequency and Ai;, according to design
criteria. Very small inductor peak-to-peak current ripple may cause unsteady operation

or very large values may increase EMI [18].

The peak currents of the inductances must be selected lower than the saturation current
[7], [17]. They can be calculated via:

Aijq Vout 40%
laeay = T1 + == = loue 77— (1 +— ) (2.12)
n
Aij, 40%
Izpeary = 112 + — = lout (1 + > ) (2.13)

2.2.3 Coupling capacitor, output capacitor and voltage ripple selection

In steady state, the voltage over the coupling capacitor will be the input voltage. In this
case, the voltage rating of the C. should be greater than the input voltage. When
selecting this capacitor, the RMS current of €, must be considered as well. When the
MOSFET is closed, the current of the inductor L, flows through the capacitor. When
the MOSFET is open, the current of the inductor L, flows through the capacitor. Then,
the RMS current of the coupling capacitor is calculated by following formula [17],
[19]:

D 2
lee = 12?D + 17D’ = jloutzD + (lowe ;) D" (2.14)

The rms currrent of C,. can be found by substituting Equation 2.5 into Equation 2.14.

D Vout

Iee = Iout 1—D = lout V_ (2.15)
i
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Instantaneous current through the coupling capacitor is defined as:

dv,
Iee = C, dtfc (2.16)

Over a period, dV,, is the change in the amount of voltage and dt is the change in the
time. The by replacing the AV, and T instead of these quantities, C. value is expressed

as,;

_ ICcTs

C.=
<AV,

(2.17)

Where, AV, is called as peak-to-peak voltage ripple on C,. It can be calculated also
by using Equation 2.18 [17], [18], [20]. C, value can be found by limiting the voltage

ripple on the coupling capacitor.

IOUTD
C = 2.18
¢ AVCcfsw ( )
The output capacitance value can be found by:
loyrD
Cour = —2— (2.19)

YT AVt fow

Where, AV,,,; is called as peak-to-peak output voltage ripple. C,,; can be determined
by limiting the voltage ripple on the output capacitor. If the output capacitor ESR is
considered in the design, the output voltage ripple consists of Vs and Vi, and it is

represented in Figure 2.6.

Vourt
(AC)

Figure 2.6 : Peak-to-peak output voltage ripple [17].

When the MOSFET is closed, output capacitor supplies the load. Hence, large ripple

currents can occur on the output capacitor according to output power [17]. The output
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capacitor must be capable of handling this RMS current flowing through on it. The

RMS current on the C,,; IS given as:

%
Icout = lout o (2.20)

Vi
When the MOSFET is open, both inductor currents supply the load and output
capacitor ESR will see the ripple of Vgggz. Assuming that Vs and V., have the same

effect on the output voltage ripple, they can be calculated respectively via:

0.5V,
ESR < ripple (2.21)
ILl(peak) + ILZ(peak)
IourD
C, 2 (2.22)

2 —ey
Y AV fow?2

When selecting the output capacitor, the RMS current, ESR and capacitance should be
taken into consideration carefully [17].

2.2.4 MOSFET and diode selection

In Figure 2.3, during the second interval, the drain-source voltage of the MOSFET will
see the sum of the input voltage and output voltage [17]. While, the MOSFET current
will be the sum of the input current and output current during the first interval. So, the

MOSFET must be selected to withstand following current and voltage stresses.

V(D'Ty) = VMosfet = Vin + Vour
(2.23)
I(DTy) = IMosfet = lin + lout

As similar, the stress calculations are the same for the diode. The diode current at
forward biased will be the I;;,, + I,,:, when MOSFET is not conducting. The voltage
drop on the diode at reverse biased will be V;,, + V,,,:, when MOSFET is conducting
[19]. As for the average diode current, it is equal to output current as in equation 2.24
[18].

IDl,avg = lout (2.24)
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2.3 State-Space Averaging of SEPIC

The state equations of a network should be explained before the state space averaging

concept.

2.3.1 The state-space description and state equations of a system

The state equations of a network should be explained before the state space averaging
concept. The state-space description is a simple way to define a system by differential
equations. Considering a linear network, linear combinations of the system
independent inputs and the state variables help to express the derivatives of the state
variables [21]. The physical state variables in a typical converter circuit are usually the
“inductor currents” and “capacitor voltages”. The state equations of a system can be
written in a matrix form as Equation 2.25.

d’;(tt) — Ax(D) + Bu(®) .29

y(t) = Cx(t) + Eu(t)

K

Where, x(t) is the state vector that contains state variables such as the inductor currents
i; and capacitor voltages V.. U(t) is the input vector that contains the independent
inputs such as the input voltage source V;,, the diode forward voltage V,. K is the
matrix that contains values of the capacitances and inductances in the circuit. Now, the
K(dx(t)/dt) matrix simply becomes the inductor voltages and the capacitor currents
in the circuit. The derivatives of the state variables which are the inductor voltages and
capacitor currents are expressed by a linear combinations of the state variables x(t) and
the independent input u(t) by Equation 2.25 [21]. The derivatives of the state variables
can be indicated also as x in the equations, in that case KX is also acceptable. The A
and B matrices consist of constants. The y(t) is the output vector that can contain any
dependent signal even the signal is not actually a physical output such as the input
current, switch current. Moreover, the output current and the output voltage could be
an element of y(t). The C and E matrices consist of constants. The vector y(t) should
be also expressed as linear combinations of x(t) and u(t).

As mentioned earlier, the SEPIC converter operating in CCM have two stages. During

the first and second interval state equations can be derived by following formula:
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dx(t)
Interval DT: KT = Ay x(8) + Byu(t) (2.26)
y(t) = Cyx(t) + Equ(t)

dx(t)
Interval (1 — D)T,: { K —gg = A2¢(0) + Bau(®) 2.27)
y(t) = Cx(t) + Eu(t)

Likewise, other PWM converters operating in CCM such as Boost, Buck-Boost, Zeta,
Buck etc. can be modeled by state equations as in Equation 2.26 and 2.27. If there is a
third interval that occurs in DCM mode, this interval should be also added to state
equations. In order to get averaged state- space model, state equations are averaged
over a switching period T. The averaged inductor voltages and the capacitor currents
are zero over a period according to inductor volt-second balance and capacitor charge

balance. So, the state-space averaged model can be shown as;

0= AX+BU

Y = CX+EU (229)
Where the averaged matrices are expressed by;
A= DA; + (1 —-D)A,
B= DB, +(1-D)B, (2.29)

C=DC +(1-D)C,
E = DE, + (1 - D)E,

So, the steady-state solution of the converter can be found by solving Equation 2.28.

2.3.2 State-space averaged model of SEPIC

Let’s define the state-space averaged model for the SEPIC converter operating in CCM
shown in Figure 2.3. The equations for the first interval and second interval are shown
in Equation 2.30 and 2.31 according to KVVL and KCL, respectively.
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DT, (2.30)

C dVCout _ VCout
k out dt - R

L17 = Vin = Vee + V12

L,—— ==V
2 dt ouTt

(1=D)T,+ (2.31)

dec .

—_ =
C dt L1
deout . . VCout
kCout —dr (i1 +ip2) = R

These equations can be written in a simple form as state equations.

Xx=Ax+Bu y=Cx+Eu (2.32)

iLl

iLZ

VCC
VCout

Where, X is the state vector , U is the input vector [V;,], y is the output vector

[VOUT]'

As for the first interval and second interval, the state equations become as following

equations, respectively.

44 By
8 g 1/€L ) 8 o IR
. L 0
=l —1/c) o 0 Ve [F] 0 [V
0 0 0 —1/(RCout)] Weout 0
A, B,
0 0 -1/(Ly)  —1/(L1) 1 s 1/(Ly)
.| 0 0 0 —1/(L) || @ 0
' T ye o 0 0o ||[ve |t o [V
1/(Cout) 1/(Cout) 0 _1/(RCout) Veout 0
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-VCout-
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-VCout-

The averaged matrices and state equations becomes as follows:

o 0 -D'/W) =D/ ]
| o 0 D/ —D'/W) |
B l D'/(C) —=D/(C.) 0 0
DI/(Cout) D’/(Cout) 0 _1/(RCout)
1/(Ly)
B = 8 , Cc=[0 0 0 1]
0
A B
0 0 D/W) D/W) [ in ] T
-_| 0 0 D/(L,) =D'/(Ly) || i1z 0
Tl o ~brcy o 0 || Ve [T| o |Vl
D’/(Cout) D’/(Cout) 0 _1/(RCout) Veout 0
c i1
| 2
y=[0 0 0 1] Ve,
VCout

The steady-state solutions can be found by some algebraic manipulations on averaged

state equation.

X=-A"'BU

(2.33)
Y = —CA™'BU

SEPIC is a fourth-order nonlinear system, thus the linear model of the converter is
needed in order to design feedback controller and analyze converter stability [22]. SSA
helps to model the SEPIC or other PWM converters by linear components [23]. The
good thing about the state-space averaging, a small-signal averaged model of a PWM

converter can be obtained any time after the SSA [21]. Besides, the SSA model of
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SEPIC allows to analyze the converter behavior, describe a mathematical model for

the controller design and find the transfer function of the converter [24].

2.4 Control Methods for Switch Mode Power Supplies

For the Switch Mode Power Supplies (SMPS), there are two main control techniques

which are:

1) Voltage-mode control

2) Current-mode control

2.4.1 Voltage-mode control

In Figure 2.7, basics of voltage-mode control are represented. The duty ratio is
controlled by comparing the error voltage V, with a constant ramp (sawtooth)

waveform V. The PWM signal status is defined by Equation 2.34.

SN
In this method, the converter output is directly controlled by choice of the duty ratio
[21]. In voltage-mode-controlled converters, the main advantage is the single voltage
feedback loop [25], [26]. A single feedback loop makes the analysis and design of the
converter easier. Also, the stable modulation is provided by high amplitude ramp
waveform [26]. Besides, cross-regulation for multiple output supplies is better
compared to current-mode control because of the low-impedance at the output [25] .

Nevertheless, the disadvantages of this method can be listed as below:

1) The voltage-mode control has a slower response. Because, any change in the
input voltage or load resistance is first sensed as an output voltage change and
then corrected by the feedback loop [25], [26].

2) An extra pole is added to the feedback loop by the RC filter at the output.

3) The loop gain varies with the input voltage and compensation becomes more

complicated [26].
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Figure 2.7 : Voltage mode control [26].
2.4.2 Current-mode control

In Figure 2.8, basics of current-mode control are illustrated. Current mode control is
also introduced as “Current Programmed Mode” in [21]. This multi-loop system
consists of a voltage feedback for outer loop and current feedback for inner loop. A
set-reset flip-flop (SR latch), an oscillator and a current sensor are the elements of
inner loop [25]. As the name set-reset implies, the latch is responsible for set and reset
operation of the Q. The current sensor senses the inductor or switch current via a
current transformer or a resistor [25]. In more complicated converters, this sensed
current could be the sum of several inductor currents [21]. The outer loop determines
a threshold value for the inner current loop and sets a current reference in response to

the output voltage variations [25].

In Figure 2.8, The ramp waveform in voltage-mode control is replaced by the switch
signal V; which is sensed by a resistor Rsgysg. The node called as V; is actually
proportional to the switch current. This signal is then compared with the error signal
,, which will be the current reference and control input signal. The detailed operation

of current-mode control can be explained on waveforms shown in Figure 2.8.
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Voltage pulses at a fixed frequency is generated by the clock. The clock frequency will
be also the switching frequency f; of the converter. When the clock pulse goes high,
the latch output will be high and turn on the switch [21], [25]. A switching period T
begins with this pulse. The switch current or the inductor current start to increase
linearly with a certain slope during the switch closed position. V; increases
proportionally to the switch current. At one point, this voltage will reach the threshold
level. Once V gets equal to V,, the PWM comparator output voltage will go high and
resets the latch. This will cause the latch output low and the switch turned off. The
switch remains open until the next clock pulse. To sum up, the converter output is
controlled by choice of the peak switch current which follows the control input signal
[21]. In current-mode control, duty cycle is not directly controlled since it depends on

the control input, inductor currents, output voltage and input voltage [21].

VIN é
CLOCK

ERROR™,_"© s
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Vour PWM
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REFERENCE

LATCH

Vs

R sENSE

CLOCK

Ve

Vs — e
LATCH L_
QUTPUT

Figure 2.8 : Current mode control [26].

In practice, the purpose of the current-mode control is to control the instantaneous peak
inductor current or switch current on the converter. But as in Equation 2.35, the
average inductor current will be almost equal to peak inductor current if the inductor

peak-to-peak current ripple is small.
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Ai
IL ~ IL,peak - TL (2-35)

Thus, the peak inductor current control is also the indirect control of the average

inductor current. In buck and buck derived topologies like in Figure 2.8, the inductor

IS on the output side and the average inductor current is equal to the output current

[27]. Therefore, current mode control will be naturally the output current control in

this type of topologies. As for the boost converter, the inductor is on the input side. In

that case, the average inductor current is the input current flows into the converter.

Hence, current-mode control controls the input current in such topologies. It can be

useful in high power factor pre-regulators. The input current can be shaped into a

desired sinusoidal waveform easily [27]. The other advantages of current-mode control

can be listed as follows:

1.

3.

It has a fast response to changes in the input voltage. Line regulation is
improved [26], [28].

Inherent current limiting is achieved. Limiting the maximum switch current
cycle-by-cycle prevents switch failures from excessive currents [21].

The feedback loop contains only a single pole.

However, several disadvantages of the peak current-mode control are given as follows:

1.

3.

Poor Noise Immunity; in Figure 2.8 the rising slope of the switch current is
compared with the current reference determined by the outer loop. The switch
is controlled by this reference current. The current ramp is usually quite small
compared to the reference current. Therefore, this method is less immune to
noise. A noise spike generated every time the switch turns on -typically caused
by transformer winding capacitance and output diode recovery current- can
cause the switch to turn off suddenly [26], [27]. This will result in sub-
harmonic oscillations with much larger ripple [25]. A stable operation can be
ensured by adding an RC filter to suppress these susceptible noises when
sensing current. Circuit layout is also important for successful operation.
Slope Compensation; duty cycles above 50% cause the converter operates
unstable. An external ramp equal to inductor current down-slope is added to
comparator input to eliminate this instability [25]-[27].

Two-feedback loop; that makes the converter analysis more difficult.
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4.

Topology problems; in general peak-current-mode-control controls the
inductor current. When the inductor is in the output, it is most effective for the
output current control. However, much of the advantage of this method for
output current control is lost with boost and flyback topologies where the
inductor is not on the load side. Hence, the PCMC method is well suited for

boost and flyback like topologies for the input current control [25], [27].

Advantages and disadvantages of both methods are discussed. Optimum control

technique can be preferred for the application needs. As for the LED driver application,

SEPIC LED driver should have following aspects:

v

ASERNERNERN

v

LED brightness is determined by the current flowing through the LED.
Therefore, an output current control is needed. LED current must be limited.
Over voltage protection of the LED.

The fastest dynamic response is needed.

Excessive current failures on switching devices must be prevented.

For LED drivers, the DC voltage at the input of the converter is usually
rectified from AC mains (220V RMS) that results in very high DC voltage.
Assuming that the total output voltage of the LED nearly 100V, the duty cycle
of the converter will be below 0.5. Hence, no slope compensation is needed.

A Low-cost application with fewest components.

Peak current mode control technique can satisfy above-mentioned features for LED

drivers.
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3. SEPIC LED DRIVER

In this chapter, electrical characteristics of High-Brightness LEDs are introduced. The
necessity of the driver circuit is emphasized. A significant quantity flicker for LEDs is
explained. A peak-current-mode-controlled SEPIC LED driver is proposed. Many

noteworthy parameters in LED drivers are mentioned.
3.1 Electrical Characteristics of LED

LED Vv, iep
ﬁ RLED +

A KAW»“K

Figure 3.1 : Equivalent circuit of a single LED.

Equivalent circuit of a single LED is shown in Figure 3.1. The voltage-current
characteristic of the LED is similar to diode. LED does not conduct until the applied
voltage between anode and cathode node is equal to or greater than forward voltage of
the LED. Forward voltage of the LEDs is differed by the color of LED. Typical drive
voltage for High Brightness LEDs is about 2.5V to 4V. The operation current of the
LED is generally about 50-300 mA [29]. But, the produced illumination is
considerably weak by a single LED chip. Thus, multiple LED chips are generally
connected in series and/or parallel in order to obtain the enough lighting levels [1],
[30].

Two different LED string are tested to understand V-1 curve of the LEDs. First one is
9 Watt LED shown in Figure 3.2. It has two parallel branches and each branch has 8

series connected LED chips. Its curve is given in Figure 3.3.

The second one is 15 Watt LED shown in Figure 3.4. This LED has also two parallel
branches, but each branch has 15 series connected LED chips. Its curve is given in
Figure 3.5

LEDs are tested in laboratory. The data taken from the lab are given in Table A.1 and
Table A.2 in appendices.
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Figure 3.4 : 15 Watt LED.
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Figure 3.5 : V-I curve of the 15 Watt LED string.

As can be seen from the two examples, the LED string does not conduct until the total
forward voltage of the LEDs met with the applied voltage. After that point, current
starts to increase exponentially. And, the relationship between current and voltage of

a LED is expressed by following formula [4] :
Vv
I =1, (e‘%—rp » 1) 3.1)

Where, I is the LED current, I is the reverse saturation current, g is the electron

charge, K is the Boltzmann constant, and T stands for junction absolute temperature.

There is an inversely proportional relationship between the temperature and the
voltage of the LED. As the temperature increases, the voltage of the LED decreases as
shown in Figure 3.6.

VE

Figure 3.6 : Relationship between temperature and voltage of the LED [4].
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The temperature of the LED can increase if the LED is supplied by a voltage source
for a long time. In this case, LED current will increase quickly that also results in
temperature growth. Eventually, the LED is burned if the heat is not controlled. This
phenomenon can be prevented by using a constant current source when driving a LED.
Then, the temperature growth will only results in voltage drop that does not harm LED
string [4].

LEDs are required a proper driver circuit and direct current (DC) operation for
aforementioned features. In general, this DC voltage is rectified from an AC power
supply by an uncontrolled full wave bridge rectifier. Then, a DC-DC converter regulate
the output voltage/current depending on the power demand of the LED string. If
multiple LED chips are connected in series, the output voltage of the DC-DC converter
must supply at least total forward voltage of LED’s, regardless from voltage variations
in AC power supply [31]. Therefore, in switch mode drivers, a voltage feedback or/and
current feedback which is mostly included into control stage provide a stable operation
to LED string. Among the current mode control techniques, peak current mode control
is a good choice by means of current regulation, over-voltage protection. In Figure 3.7,
general current mode-controlled AC-DC LED driver circuit is represented. There are
other LED driver techniques such as resistive current limiting also called as linear LED
driver, pulse width modulation dimming. The suitable driver circuit can be chosen for
various application needs like automotive lighting, street lighting, household lighting,
and commercial lighting and many others.
Bridge Rectifier DC/DC Converter LED String

N '
] .
'OEMI
Ac@ + FILTER Vv
: SENSE
:
[}

CONTROL CIRCUIT

Figure 3.7 : General current mode-controlled LED driver representation.

30



3.2 Flicker in LED Lighting

The flicker in LED lighting is mostly related with the driver circuit. Therefore, the
flicker and its biological effects on human health are introduced before the driver

circuit.

Light modulation is called as flicker, flutter, and shimmer [9]. However, flicker is the
most commonly used term and defined as “variations of luminance in time” in
[lluminating Engineering Society’s (IES) Lighting Handbook [32]. Percent flicker
[Modulation (%)] and flicker index are the most commonly used metrics to quantify
this variation[9], [10]. For the mathematical expressions, a light output curve is shown
in Figure 3.8.

Maximum Luminance

Area;

Average

Luminance

Minimum Luminance

Time (s)

| Period, T I

Figure 3.8 : Random light output curve [33].

Flicker index is defined as area above the average light divided by the total area of the
light output curve for a single period by following formula according to Figure 3.8 [9].
Area 1

i — 3.2
Flicker Index Ty (3.2)

Percent Flicker, also called as peak-to-peak contrast, modulation depth and
Modulation (%) is defined as follows according to Fig 3.8 [9].

Lyax — L
Percent Flicker or Mod% = 100 —2X —MIN

LMAX + LMIN

(3.3)
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With the assumption of LED current is approximately proportional to luminous flux
output of the LED, then the modulation of the light will be equal to modulation in LED
current [9]. All light sources may flicker with various levels. However, the flicker
especially exists in LED lighting when the DC voltage is rectified from AC mains. In
this case, LED lamps will have a peak-to-peak current ripple at twice the line
frequency; 100 Hz in Europe and 120 Hz in America [9]. Therefore, the flicker is

mainly dependent on the driver circuit.

Visible and invisible flicker can have potential risks on human health. Health risk and
biological effects of flicker to the viewers such as headache, eyestrain, and seizures
cannot be ignored. This effects may immediately result from a few seconds’ exposure
such as the risk for epileptic seizures or may result in long-term exposure such as the
headache, malaise and reduced visual performance [9]. Visible flicker frequencies
range from 3 Hz to 70 Hz. Nevertheless, the range may change person to person. The
human visual system may not perceive above visible flicker frequencies. That is called
as invisible flicker, may nonetheless have effects like headache and eyestrain.
Although the invisible flicker is too fast to be seen, measurements of the
electroretinogram (A record of the electrical activity of the retina, used in medical
diagnosis and research) shows that the human retina can resolve the modulation of

light in the frequency range 100 Hz to 160 Hz and up to 200 Hz.

In Figure 3.9, it is recommended to operate in the shaded area to minimize visual
discomfort and give low risk for headaches and photosensitive epileptic seizures [9].
According to recommendations, the modulation should be less than 0.025*f at below
90 Hz frequencies, while modulations should be less than 0.08*f at or above 90 Hz

frequencies. However, there is not any restriction in modulation above 1250 Hz [9].

The above recommendations can assure low risk region for flicker frequencies.
Nonetheless, to achieve No Observable Effect Level (NOEL), the flicker modulation
(%) should be as follows [9]:

e Modulation (%) is less than 0.01*frequency below 90 Hz
e Modulation (%) is less than 0.0333*frequency between 90 Hz and 3000 Hz

e There is not any restriction above 3 kHz.
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Figure 3.9 : Recommended operating area as a function of frequency and
modulation (%) [9].

Moreover, to prevent seizure, the flicker modulation (%) should be kept less than 5%
at below 90 Hz for any lighting source [9]. An example is given just to clarify
calculations for flicker free LED lightning considering the LED driver circuit
represented in Figure 3.7. Assume that the line frequency is 50 Hz. Then, the flicker
frequency (friicker) Will be 100 Hz that is twice the line frequency. If the
recommended practices applied for 100 Hz, the required limits are summarized as in
Table 3.1.

Table 3.1 : Recommended percent flicker at 100 Hz for human health,

Biological Effect = Recommended Operation  Percent Flicker
Low-Risk Level Mod% < 0.08fficker 8%
NOEL Mod% < 0.0333ffjicker 3.33%

As for the flicker index, the data points taken from the several studies on flicker index
have been turned into a graphical representation shown in Figure 3.10 [34]. According
to this figure, the light sources are separated whether they produce imperceptible
flicker, acceptable flicker, low to moderate flicker, or moderate to bad flicker. Later,
an orange line has been drawn to see the difference whether the light source produce
no flicker (Allowed) or problematic flicker (Not Allowed).
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Figure 3.10 : Flicker index vs flicker frequency [34].

In general lighting, it is recommended to operate at region fall below the orange line
in Figure 3.10 by the lighting specifiers [34]. For example, the flicker index should be
less than 0.1 at 100 Hz and less than 0.4 at 400 Hz. At flicker frequencies greater than
800 Hz, it is unlikely to produce harmful effects. Also, it is not recommended to
operate at flicker frequencies below 100 Hz. So, the recommended flicker index at 100

Hz flicker frequency for human health should be less than 0.1.

In figure 3.11, three familiar waveforms which are triangle, sine and square are given
to understand flicker calculations. Y axis is assumed to be the output current from a
LED source. The magnitudes of the currents are given randomly just to understand
calculations. The frequency of the waveforms is 120 Hz. Average values of the

waveforms is identical.
The observations from the waveforms can be listed as:

1. Percent flicker is the same despite the waveforms are different from each other.
Because it is related with the maximum and minimum value of the waveform
according to Equaiton 3.3.

2. Flicker index are different for each waveform and square waveform has the

highest flicker index.
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3. Measurement of the flicker index is more complex than percent flicker.

Because, some certain areas must be calculated according to formula 3.2. The

integral operation or basic geometry skills can help to calculate flicker index.

However, accurate calculation of flicker index can be tough when the

waveform is more complicated.

I (mA) I (mA) I (mA)
A A A

100
. \/A vA

0 > > >

0 10 20 1) 10 20" t(Ms) 10 20" t{ms)
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e  Shape =Sine e  Shape =Square e  Shape =Triangle
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Figure 3.11 : Flicker metrics for basic periodic waveforms [34].

It is more accurate to measure the actual light output variation of the LED source, even

though the measuring the LED current variations can help us to measure flicker [35].

Photo sensors are capable of measuring visible light and the waveform of the light

output can be captured by an oscilloscope. Moreover, holding your smart phone

camera to the LED source can show the existence of flicker in light source [10].

3.3 LED Brightness Control by the Peak-Current-Mode-Controlled SEPIC LED

Driver

General peak current mode controlled SEPIC LED driver diagram is given in Figure

3.12. The system consists of a voltage feedback for outer loop and current feedback

for inner loop. The MOSFET current is sensed by a resistor (Rsgysg) in series to the

MOSFET, and then compared with the current reference (Izgr) by PWM comparator.

By controlling the reference current, the output current can be adjusted.
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Figure 3.12 : Peak-current-mode-controlled SEPIC LED driver.

Low cost current mode controller UC3842 IC can be used for peak current mode
control. This IC can provide a robust current control. For current sensing and limiting,
related internal structure of the UC3842 IC is presented in Figure 3.13 (see all internal

structure of UC3842 IC taken from the datasheet in appendix).
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SENSE
+— W w 5
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4 PWM
Rs TC COMPARATOR
GND
e n =+ .
= = UC3842 !

Figure 3.13 : Current sensing and limiting.

Error amplifier output voltage is also called as control voltage V. which is followed by
two diodes, two resistors and a zener diode in Figure 3.13. The diode pair has totally
a forward voltage of 1.4 V, 0.7 V for each. The voltage at the inverting leg of the PWM
comparator I-oxp Will be equal to the voltage across the resistor R, which is 1/3 of the
voltage after the diode’s voltage drop from V. So, the peak voltage across Rsgysg 1S

controlled by the E/A output, according to following formula [28]:
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Ve — 1.4V

(PEAK) = ——

(3.4)

VRSENSE

The zener diode limits this peak voltage to 1V [28], [36]. Applying the Ohm’s law,

peak current on Rggysgp Can be calculated according to formula:

RSENSE 3RSENSE

Irsgnse (3.5)
The controller turns off the switch when the voltage across Rsgysg reaches its peak
value. If the sensing resistor is chosen as 1 Q, the peak current that can pass through

the switch will be 1A because of the zener diode limitation.

In this thesis, a variable DC voltage source as control input voltage is used to adjust
output current, brightness of the LED. As the control voltage V. decreases, peak
voltage across the R, decreases. Smaller peak voltages will push the MOSFET turn off
earlier, and will result in smaller duty cycles. Therefore, the output current can be
regulated by adjusting V. properly. Outer feedback loop will be disabled because of
the V. is controlled by an external dc voltage source. Normally, the voltage feedback
is used for overvoltage protection. But in the proposed control strategy, amount of the
current flowing through the LED string naturally determines the output voltage and
prevents overvoltage. In addition, to prevent huge spikes in current waveform while
sensing the current, simple RC filter is used [28], [36]. The proposed peak-current-
mode controlled SEPIC LED driver without PFC and with PFC are shown in Figures
3.14 and 3.15, respectively.
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Figure 3.14 : Proposed peak-current-mode controlled SEPIC LED driver without
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Figure 3.15 : Proposed PCMC SEPIC LED driver with PFC.
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4. SIMULATION RESULTS

In this chapter, the proposed control strategy is applied to the LED driver circuit with
PFC and without PFC. Circuits are simulated in PSIM software. Output current control
of the LED string by proposed control method is validated. Power factor is compared
for both circuit. Moreover, flicker metrics are calculated through the simulation, and
checked whether the limits stays in recommended operating areas (see Figure 3.9 and

Table 3.1) or not under several operation currents.

4.1 Power Stage and Driver Design

Design criteria and goals of the system are given in Table 4.1. SEPIC converter that is
assumed to be working in continuous conduction mode is selected as LED driver.
Nominal power of the LED is considered as 30 Watt. Required DC voltage at the input
of SEPIC converter either can be rectified from AC power supply or directly connected

to a DC power supply. Power factor higher than 0.9 is expected for PFC circuit.

Table 4.1 : Design criteria for LED driver.

Parameters Symbols Values
Input Voltage Vin LEOV~200V AC
250V~360V DC
Output Voltage Vour 100V
Output Current lout 50mA~300mA
Nominal Output Power Poyr 30 Watt
Line Frequency fL 50Hz
Switching Frequency fs 100kHz
Peak-to-Peak Current Ripple Al 40%
Peak-to-Peak Output VVoltage Ripple  AVyyr 2%
Power Factor PF > 0.9

Output of the circuit consists of 37 series connected LED chips with adjustable current
levels. Each LED has 2.7 V forward biased voltage and 10 internal resistance. The

representation of AC-DC LED driver without the control stage is shown in Figure 4.1.

39



|
ﬂ%
- [
-
3 -
——
—
®e
7
(<)
N

X2 !
AC(’\; ' = v, E) L g Cour Vour 37 LED
® @ d

GND

Figure 4.1 : Representation of AC-DC LED driver.

The input voltage of the proposed SEPIC converter can vary between 250 V and 360
V of DC voltage. While the minimum duty cycle occurs at maximum voltage,
maximum duty cycle occurs at minimum voltage. Therefore, according to Equation

2.4, the minimum and maximum duty cycles are defined as:
Dppin = 0.2174 < D < 0.2857 = Dppoy (4.1)

The inductance value has been selected from peak-to-peak current ripple that is
allowed to be 40% of the average input current for the worst case of operation. Whilst
the highest input current occurs at the lowest input voltage value, the change from
peak-to-peak current can be defined as:

Vout

Al = 115,.40% = Iyt

40% = 0.048 A (4.2)
in(min)
When the switching frequency is selected as 100 kHz, the values of the inductances L,

and L, are calculated as follows:

Vin(min)

Li=L,=] =——2
to AL fow

Dyyay = 14.88 mH (4.3)

Assuming that the voltage ripple on the coupling capacitor is 10% of the DC input
voltage, the value of coupling capacitor is calculated by following formula:

_ IOUTDmax

Co = > 0.034 uF 4.4
¢ AVCcﬁS‘W ( )

Cc is chosen as 0.1 uF.
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In order to prevent the huge output ripple when no bulk capacitor is used for PFC

circuit, output capacitor is calculated as follows:

IOUT

=—— =477 uF .
Cour AVoyr2nif u (4.5)

The driver circuit without controller is shown in Figure 4.2. For both circuit, current
is sensed through a resistor in series with MOSFET and 220 V(rms)-50 Hz AC mains

Is used as input.

vled=2.7 Vout

~
rled=1
Vac=220%sqrt(2)

Vds @Vout

L1 Ce
1 t5m P 0lu Diode| lou
AAA— i DH—(3

1m Is Vs 2= MOS1

o SRy +H = &z .

. . P Isw L2 Cout
“)Vac luT Vs ) z§ §C> L Cbulk °§15m T 4774

I 100u  Vgs ; Rsense

1/Vac —F 15
"7 Vin REF
VinﬁScaled@ =

Figure 4.2 : PSIM driver circuit without controller.

The overall driver circuit including two separate controllers are given in Figure 4.3.

The controllers are explained in related sections afterwards.

4.2 LED Driver without PFC

The controller circuit without PFC is shown in Figure 4.4. As in the proposed control
strategy, a variable dc voltage source is directly connected to pin 1 of IC. Therefore,
the control input voltage Vi onTro 1S the same node as error amplifier output V. (see
Figure 3.14 for notations). A simple RC filter is used to prevent huge spikes in current
waveform while sensing the current, oscillator R;/Cr is arranged that 100 kHz
switching frequency is obtained (see Ry /Cr combinations versus oscillator frequency

and related circuit for adjusting switching frequency in appendix).
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Figure 4.3 : Overall driver circuit.
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Figure 4.4 : Controller circuit without PFC.

Related waveforms for nominal operation output current 300 mA are given to
understand the operation of the LED driver in Figure 4.5, 4.6, 4.7, 4.8, and 4.9.

When the control input voltage is 3.12 V, output current will be adjusted 300mA as
shown in Figure 4.5. As can be seen, there is no current flow until the applied voltage
reaches 99.9V (37x2.7V) which is the total forward voltage of the LED chips. The
total output voltage will be 111V when the internal resistance’s voltage drop is added

(370x0.3A).

lout

0.4

0.3 /—
0.2

Vout

100 o~
80 /
60 /
40 /.
/

20

0

0 0.05 0.1 0.15 0.2 0.25

Time (s)

Figure 4.5 : Output current I, (4) and output voltage Vo, (V) [V at 3.12 V].
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Control mechanism and generation of PWM signal are shown in Figure 4.6. 100 kHz
clock signal (red), filtered sensed voltage (red) and peak threshold voltage (blue),
PWM signal (black) are shown, respectively. Clearly, V; turned from 1 to 0 when the
sensed voltage reaches the peak threshold voltage. V,, is applied to MOSFET gate-
source, to switch MOSFET on and off. In Figure 4.6, peak threshold voltage is limited

to 0.64V, which can be calculated by the Equation 3.4:

3.12 — 1.2
(PEAK) = ———— = 0.64V (4.6)

VRSENSE

Where, Rsgysg 1S chosen as 1.5 Q, two diode voltage drops as 1.2 V.
Peak current on Rspysg 1S limited to 0.426A, which can be calculated by the Equation
3.5:

0.64V
IRSENSE(PEAK) = m =0426A4 (47)

$2.Clock

/ Clock Signal

Viswf_1 S2.lcomp

Peak Treshold
Voltage

/ VSENSE FILTERED

0.6
0.4
0.2

0

e T

0.14474 0.14475 0.14478 0.14477 0.14478
Time (s)

Figure 4.6 : PWM signal generation (V. at 3.12 V).

Furthermore, RC filter has a significant influence on sensed voltage as shown in Figure
4.7. It suppresses the susceptible noises when sensing current and does not allow
undesirable effects on gate signal. The peak current on sensing resistor Rggpnsg IS
shown in Figure 4.8 and it is a bit higher than the expected value which is 0.455 A.
Poor power factor around 0.42 is obtained in the line as shown in Figure 4.9.
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Four different control input voltage Vqonrror 1€Vels are selected to adjust the output
current. Veonrror Was initially 3.12 V. Then, it is decreased by 0.5 V at each step. The
output current results in 300mA, 221mA, 140mA and 58mA, respectively as shown in
Figure 4.10.

lout_01.01 lout_02.01 lout_04.01
0.4
0.3 f_
0.2 / /
0.1
. [/ —
-0.1
Vout_01.01 Vout_02.01 Vout_04.01
120 ;
100 T o e—
40 |- y
20
0
0 0.05 0.1 0.15 0.2 0.25 0.3

Time (s)

Figure 4.10 : Output currents (A) and output voltages (V) [Veonrror at 3.12V (Red),
2.62V (Blue), 2.12V(Green) and 1.62V(Pink)].

Hence, the output current is adjusted around 50mA-300mA by changing the control
voltage. LED brightness control is achieved. But, even more bad power factors (below
0.42) are obtained as the output current decreases. The output voltage is also decreased
regarding the internal resistances of series connected LED’s. 111 V peak, around 102
V minimum output voltages are obtained. Moreover, V. is randomly changed to adjust

output current in every 0.3 second while the circuit is running as shown in Figure 4.11.
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0.1.5 / i
[ \lr=\v7 62V \ f
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3.5

2.5

1.5

0.5

0 0.2 0.4 0.6 0.8 1 1.2
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Figure 4.11 : Output current adjustment.
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4.3 LED Driver with PFC

The controller circuit with PFC is shown in Figure 4.12. In proposed control strategy,
the control input voltage V-onrror 1S Multiplied by sinusoidal input voltage and
connected to pin 1 of IC. Now, the control voltage node V. denotes as /.. (see Figure
3.15 for notations). The reference current .. is pushed to follow the line current in
order to get high power factor. Additionally, the bulk capacitor at the input of the

converter is replaced with a small capacitor (100nF).

Four different control input voltage Vionrror levels are selected. Veonrror Was
initially 6 V. Then, it is decreased by 1 V at each step. The output current results in
305mA, 279mA, 220mA and 130mA, respectively as shown in Figure 4.13. Likewise,
VeonTrow 1S randomly changed to adjust output current in every 0.3 second while the
circuit is running as shown in Figure 4.14. The output current ripple is obtained around
16%, while the output voltage ripple is 2V. The ripple frequency is twice the line

frequency.

_ in 6? Iref
§ D C_F PFC Current Mode
Active PFC,APFC,CCM

Vcontrol

1k %
Viswt

. | Ct |
i SW ) 1.5nT Rt

6.45k

UC3842 0.0l

=W N
n O =1 @

I
g
=

e

[l
I

Figure 4.12 : Controller circuit with PFC.

Besides, while adjusting the desired output current level, the line current is always

nearly in phase with the line voltage as shown in Figure 4.15.
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Is Vs/311

PF=0.97
0.5

-0.5
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Time (s) (b)

Figure 4.15 : Input current Is and input voltage V; (VconTroL at 4V): @) Larger time
span. b) Shorter time span.

However, the control input voltage is adjusted to 6V to operate at 305 mA output
current. When the control input voltage is multiplied by the input voltage, the reference

current I,.., waveform is shaped like full wave rectified voltage having 6 V peak as

shown in Figure 4.16.
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Figure 4.16 : Distorted input current due to control voltage limitations on IC
(Vecontrow at 6V).

According to Equation 3.4, minimum control voltage should be greater than 1.4V. So,
the control voltage smaller than 1.4V will cause small blank areas on gate signal V
of MOSFET in each half period of input voltage (10ms). Also, peak threshold voltage

is limited to 1V with a zener diode. Therefore, providing that the control voltage is
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greater than 4.4V, the reference voltage will not exceed 1V. Eventually, the input

current waveform I is slightly distorted in these areas.

4.4 Power Factor Comparison

The output current of the LED is successfully controlled by both circuits. High power
factor is achieved with power factor correction LED driver. The output current level

of the LED versus power factor is plotted in Figure 4.17.
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Figure 4.17 : Output current vs. power factor.

Power factor is plotted according to data recorded at different output currents shown
in Table 4.2.

Table 4.2 : Power factor and output current data of driver circuits.

Output Current (mA)  Power Factor

300 0.420
221 0.400
Without PFC
140 0.390
58 0.360
305 0.966
279 0.980
With PFC

220 0.976
133 0.946
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4.5 Flicker Comparison

Flicker tests for LED string are held for both circuits in Figure 4.18 and 4.19. Percent
flicker and flicker index are measured and calculated by formulas given in related
section (See Chapter 3.2).

Low risk region for flicker frequencies above 90 Hz is given by "Mod% <
0.08fF1icker", While no observable effect level (NOEL) is given by "Mod% <
0.0333 ffyicker"- In 0Ur case, modulation in current waveform should be smaller than
8% for low risk level and smaller than 3.33% for NOEL, considering flicker frequency
is 100 Hz (See Table 3.1).

It can be seen from Figure 4.18, the modulation also called as percent flicker stays in
the limits of NOEL for different output current levels and it is far below the any

biological effect region.

However, the modulation in PFC circuit stays in low risk level for nominal operation
current 300 mA, while the modulation for below 300 mA output current exceeds the

limits for low risk level up to 10.5%.

The flicker index was recommended to be below 0.1 at 100 Hz flicker frequency in
general lighting applications. For both circuit, flicker index stays within this limit over

the operation region.
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Figure 4.18 : Flicker measurements (With PFC).
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Figure 4.19 : Flicker measurements (Without PFC).






5. EXPERIMENTAL RESULTS

The proposed peak-current-mode-control strategy should be tested experimentally
even though the simulation results give many ideas about the operation principle of
the LED driver. In this chapter, experimental results of the proposed PCMC SEPIC
LED driver without PFC are given. Efficiency of the driver circuit is calculated.
Flicker on LED string is measured from the current flowing through the LED.

5.1 Component Selection and Experimental Setup

At first, 30 Watt LED should be chosen according to the design goal in Table 4.1.
Therefore, a higher wattage LED is preferred in practice which is shown in Figure 5.1.
This LED is actually 70 Watt but it has two 35 Watt LED string. Therefore, only one

of the strings will be used.

Figure 5.1 : Two 35 Watt LED string.

LED is tested directly from a DC power supply before it is connected to the driver
circuit. V-1 table of this LED is given in Table 5.1.
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Table 5.1 : V-1 characteristic of the 35 Watt LED.

Voltage (V)  Current (mA)

91 10
93.4 20
97 50
98 60
99.1 80
100.5 100
103.4 140
106.2 190
107.2 210
108.1 230
108.4 240
109.5 260
110 280
110.8 300

5.1.1 MOSFET and output diode selection

220 VAC (rms) voltage will be rectified by a full wave bridge rectifier with capacitor
filter. The rectified voltage at the input of the SEPIC converter can be at max 311.12
V considering the AC signal is not fluctuating and purely sinusoidal. The output
voltage of the SEPIC converter according to Table 5.1 is around 110 V. Therefore, the
switches must withstand voltage stress of at least 420V (See considerations 2.2.4 in
Chapter 2).

e IRF840 MOSFET from International Rectifier company is chosen for this
purpose [37]. Maximum Drain-Source Voltage of the MOSFET is 500 V, while
the current passes through the MOSFET can be up to 8A that is easily satisfy
the current stress on switch in proposed driver circuit.

e As adiode, MUR1560 from ON Semiconductor is preferred [38]. This diode
has a 600 V DC blocking voltage, and forward current of the diode can handle

current stress higher than the proposed driver circuit up to 15 A.

5.1.2 Inductor and inductor current ripple selection

Let’s consider inductor is selected according to aforementioned considerations (See
considerations 2.2.2 in Chapter 2). When the MOSFET is closed, the rectified input
voltage will be applied to inductor and this voltage is high. According to Equation 2.8,

the average current of inductor L, is found as:
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110-0.3

= —= . 5.1
I, 1T 0.106 A (5.1)

When the Peak-to-peak current ripple of L; is chosen 40% of the average inductor

current, Al; will be 0.0424 A. Duty cycle is calculated as follows:

110

b 311 + 110 0.261 2)
If the switching frequency is selected 40 kHz, the inductor value is calculated as:

_ VD _ 311-0.261
27 Aipsf, 0.0424-40000

Li=1L = 0.048H (5.3)
As seen in CCM mode, the inductor values found as 48 mH which is not something
applicable. To reduce the inductor value, the switching frequency can be increased but
that leads another issues related with the noise, switching losses, and EMI. Therefore,

40 kHz switching frequency is selected for the experimental circuit.

What can be done is that operate the converter in Discontinuous Conduction Mode.
This can increase current stress on switching device but selected devices can capable
of carrying these currents. In addition, the peak current on MOSFET can be limited by
the proposed PCMC method. For the above purposes, inductors are selected as 2 mH.
The inductor is chosen as SRC1616-102M 1mH fixed inductor from Core Master

company [39]. In order to get 2 mH, two 1 mH inductors are connected in series.

5.1.3 Experimental setup

Overall circuit including the controller is drawn to understand layout of the circuit in
PSIM and shown in Figure 5.2.

Current-Mode PWM controller TL3845 from the Texas Instruments is used. There are
small differences between UC3842 and TL3845 but they are used for the same manner.
Maximum duty cycle of the TL3845 is limited by 50% and the start threshold voltage
of the controller is 8.4 V [40]. The supply voltage of the TL3845 can be adjusted to
gate-to-source voltage of the MOSFET. Because, the supply voltage determines the
output voltage of the controller (See pin configuration and functions of the TL3845 in
appendix). The LED at the pin 8 is just to indicate that there is power on controller. At

pin 1, two external diodes are connected for the technique called “Adjustable
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Reduction of Clamp Level” [40]. The diodes compensate the internal diodes voltage
drop and peak threshold voltage on sensing resistor becomes easy to calculate. The

calculation of the peak current and peak voltage on sensing resistor becomes as:

Ve— 14V + 14V Ve

Vispnss (PEAK) = (5.4)
3 3
Ve
Irgenss (PEAK) = 3Rspnse (5.5
- vled=2.7
rled=1 @
Vac=220%sqrt(2)
L1 Cc
2m 0.1u Diode
= —} 4
_ J FESMOSI
I + . é_lk Isw §L2 “‘Cout
Vac fg 1 Cbulk +—1 1 52m  T22u
22u :
_ Ves §]§1{sense
—‘
3
TL3845  g8n
17 Tl Vi
7 ‘ D
3 [ l
) . F 5 OIIOu
= 1k =
Rt
_ % LED
5k

Figure 5.2 : Experimental LED driver circuit.

Elements used in driver circuit are listed in Table 5.2. Experimental setup in laboratory
is shown in Figure 5.3. The proposed PCMC SEPIC LED driver is operated at nominal
output power which is 33.6 Watt in Figure 5.3 (b). Each equipment is shown with their
identifier in Figure 5.4 and given in Table 5.3.
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Table 5.2 : Experimental components used in the driver circuit.

Component List

IRF840 MOSFET
MUR1560 Output Diode
2mH Inductors
22 uF Output Capacitor
0.1 uF Coupling Capacitor
1Q Sensing Resistor
22 uF Input Capacitor
35 Watt LED
10Q Gate Resistor
50 kQ Pot - 6.8 nF Oscillator R, /C;
2.2 kQ — 470 pF Current Spike Filter
1N4148 Reduction of Clamp Level Diodes

Gw-Instek GPC-3060D
Tektronix TDS 1001B
Wavetek DM23XT
De Lorenzo- DL1013T1
De Lorenzo- DL1031
De Lorenzo- DL2642
De Lorenzo- DL 1093

DC Power Supply
Oscilloscope
Digital Multimeter
AC Power Supply
Wattmeter
Isolation Amplifier
Transformer

Figure 5.3 : Experimental setup at nominal output power: a) Laboratory light on. b)

Laboratory light off.
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Figure 5.4 : Introduction of laboratory setup.

Table 5.3 : Device identification.

Identifier Equipment
AC Power Supply
Wattmeter
Isolation Amplifier
Transformer

DC Power Supply
PCMC SEPIC Driver
Oscilloscope
Computer

LED

Multimeter

Boo~vourwnpr

Right hand side channel of the DC power supply (15.6 V) is used to supply
TL3845 controller, while the other channel is to adjust control voltage (4.3 V)
which will determine the threshold voltage to turn off the MOSFET. The output
current is adjusted from the left hand side channel.

A variable three-phase power supply from De Lorenzo Company [41] is used
to supply AC input of the driver circuit. Single phase will be used for 220V
rms. Technical features can be found in datasheet.

A transformer is used for the isolation between circuit and AC power supply.
An isolation amplifier connected to the oscilloscope is used for potential-free
measurements. Technical features are given in datasheet [42].

A wattmeter is used to measure the current and active power drawn by the

source.
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Digital multimeters are used to measure output current and voltage. Right hand
side multimeter is used as a voltmeter for the output voltage (111 V), while the
left hand side multimeter is used as an ampere-meter for the output current (0.3
A). Far left multimeter is to measure AC input voltage.

In addition, a computer is connected to oscilloscope for screenshots of the
waveform and waveform data.

Isolation amplifier has 4 channels A, B, C, and E. Three channels of the
isolation amplifier are used. The attenuator is chosen 1 V/A at Channel A for
the input current which will be equal to amplitude of the signal seen on
oscilloscope screen. As similar, the attenuator is chosen 1 V/A at Channel B
for the output current. The Channel C is used for the output voltage. The

attenuator of Channel C is chosen as 1/100.

The SEPIC converter and its controller are shown in Figure 5.5, 5.6, and 5.7. The

driver circuit can be either connected to AC or DC power supply. In Figure 5.6, the

DC output of the SEPIC converter is connected to LED string. In Figure 5.7, the

control input will adjust the output current/ brightness of the lighting source.

Figure 5.5 : SEPIC converter and proposed peak-current-mode controller.

61



T P Ground
te

Gate
Resistor \
e

>
=

$ oZ:n\
S
=]

¥ a7 o sPeRREREL

ETT 0084

,.oonll-l

g oa0a9

Figure 5.7 : Proposed peak-current-mode controller.

5.2 Experimental Results of the Proposed PCMC SEPIC LED Driver

First, related waveforms such as PWM signal, input current, output current, output
voltage, sensed voltage are given when the control voltage is 4.3 V. The waveforms
and data are saved via computer connected to oscilloscope. The PWM signal and the

output current are shown in Figure 5.8. The average output current is adjusted 307 mA
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as seen in Channel 2 mean value. The attenuator of the isolation amplifier for output
current channel is chosen as 1V/A. Hence, the mean voltage value of 307 mV is
actually 307 mA. Digital multimeter also shows the output current as 300 mA. 40 kHz
switching frequency is obtained by adjusting the potentiometer R, of the oscillator.
The duty cycle is recorded as 0.187 (4.687us/25us).
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Figure 5.8 : PWM signal and 300 mA output current (Control voltage at 4.3 V).

The PWM signal and the output voltage are shown in Figure 5.9. The output voltage
is adjusted 1.14 V as seen in Channel 2 mean value. However, the actual output voltage
is 111.4 V since the attenuator of the isolation amplifier for related channel is chosen
as 1/100. Digital multimeter also shows the output voltage as 111V. This shows that

the measurements are reliable.
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Figure 5.9 : PWM signal and 111 V output voltage (Control voltage at 4.3 V).
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The key part of the driver circuit lies on the controller circuit. The switch S, current is
sensed by R in Figure 5.6. Channel 1 of the oscilloscope is directly connected to
source of the switch. Choosing the R, as 1Q will make the voltage on sensing resistor
same as the current flowing through on it. However, tolerance of the resistor should be
considered. The sensed current on sensing resistor is given in Figure 5.10. First
observation is the noise when sensing the current. The current spikes at the leading
edge of the waveform are quite high up to 3.48 V and it should be suppressed. This

can cause the switch turn off earlier and whole operation can be ruined.
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Figure 5.10 : Switch current (Control voltage at 4.3 V).

This spike can be eliminated by a RC spike filter shown in Figure 5.7. The filtered

waveform becomes as in Figure 5.11 after the sensed switch current is filtered.
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Figure 5.11 : Filtered switch current (Control voltage at 4.3 V).
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Second observation is that the switch current raises until 1V since volt/div of Channel
1is 1 V. Once it reaches the 1V, the switch is closed. According to Equation 5.4, the
peak voltage on sensing resistor is calculated as 1.433 V which is greater than the zener
diode voltage limitation of 1V. Therefore, the peak threshold voltage is clamped to 1V
by zener diode. Then, the peak current of the switch should be 1A theoretically since
R, is 1Q. So far, the SEPIC LED driver have been working properly with proposed

PCMC and theoretical results matches the experimental results.

Third observation is that the input current drawn by AC input shown in Figure 5.12 is
similar to waveform in Figure 4.9. This indicates that the power factor will be low.
The attenuator of the isolation amplifier for related channel is chosen as 1V/A. Hence,
the rms voltage value of 336 mV is actually 336 mA. And, the line frequency is 50 Hz.
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Figure 5.12 : AC input current (Control voltage at 4.3 V).

The control voltage should be reduced from 4.3 V to reduce brightness of the LED.
When this threshold voltage reduces, switch will turn off earlier. That means the
inductor L, stores less energy during the switch turned on position. Hence, the output
current will decrease. To verify the output current control, four different control
voltage V. is applied to driver circuit. Output current I,,,,;, output voltage V,,,;, input
current I;,,, input voltage V;,,, active power P;, drawn by input are recorded for each

control voltage in Table 5.4.
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Table 5.4 : Output current adjustment and efficiency calculation for different control voltages.

Ve lout Vout Pout lin Vin Sin Pin Cos (0] n

4.3V 300mA 112.0V 33.60W  0.33A 220V 72.6VA 38W 0.520 88.4%

2.5V 200mA 106.5V 21.30W  0.23A 220V 50.6VA 26W 0.514 81.9%

1.5V 100mA 100.2v 10.02w  0.12A 220V 26.4VA 12W 0.455 83.5%

1.2v 60mA 97.7Vv 5.862W  0.08A 220V 17.6VA 8W 0.455 73.2%

Output Power =Poyt= Vout lout , Apparent Power =Sin = Vin lin , Power Factor = Cos ¢= Pin/ Sin, Efficiency= 1= Pou/ Pin
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As seen in Table 5.4, at nominal output current, the LED driver efficiency is calculated
around 0.88. If the operation output current region is chosen between 100mA-300mA,
the SEPIC LED driver by proposed PCMC method is working over 80% efficiency.
When the control voltage is 1.2V, the converter efficiency drops. However, there is no
need to reduce output power down to 5 Watt. The last case is added just to show the
proposed PCMC working properly. Power factor is low around 0.5 for the operation
region since the power factor correction technique proposed in Figure 3.15 is not

applied.

At 100 mA output current, the PWM signal and the output current are shown in Figure
5.13. As noticed, the duty cycle is smaller than in Figure 5.8. Because, the controller
turns off the MOSFET earlier since the control voltage is 1.5 V. The output voltage is

nearly hundred volts as shown in Figure 5.14.
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Figure 5.13 : PWM signal and 100 mA output current (Control voltage at 1.5 V).
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Figure 5.14 : PWM signal and 100 V output voltage (Control voltage at 1.5 V).
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The sensed current on sensing resistor and filtered sensed current waveform for 100
mA are shown in Figure 5.15 and 5.16, respectively. According to Equation 5.4, the
peak voltage on sensing resistor is calculated as 0.5 V. On the oscilloscope screen of
Figure 5.16, volt/div is 500 mV and it is clearly seen that the switch current raises until

one division which is equal to 0.5V.

1.5
(PEAK) = —= =05V (5.6)

VRSENSE
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Figure 5.15 : Switch current (Control voltage at 1.5 V).
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Figure 5.16 : Filtered switch current (Control voltage at 1.5 V).
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Power stage and the controller stage of the proposed PCMC SEPIC LED driver are
investigated under different conditions. The output current of the circuit can be
adjusted by this control method. Output current control is proved in experimental
setup. For each output current, the measurements are taken from the experimental
setup and efficiency of the converter is calculated. In Figure 5.17 (a), output current
vs converter efficiency is plotted. As seen from the Figure 5.17 (a), LED driver is
working near to 90% efficiency at nominal output. Except for the 60 mA, the converter
efficiency is higher than 80%. Output current is given as a function of control voltage
in Figure 5.17 (b).
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Figure 5.17 : Experimental results of the proposed driver circuit: a) Output current
vs. efficiency. b) Control voltage vs. output current.
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5.3 Flicker Metrics of the Lighting Source and Its Limitations

With the assumption of LED current is approximately proportional to luminous flux
output of the LED, the flicker metrics are calculated from the output current curve.
When the line frequency is 50 Hz, there will be 100 Hz ac ripple at the output of the
driver because of the full wave rectification. The line period is 20ms, while the output
ripple period is 10ms. 300 mA output current is shown in Figure 5.18. Time/division
of the Channel 2 is chosen as 5ms. As seen from the Figure 5.18, the period of the AC
component can be calculated as 10ms. Only the AC component of the output current
is shown Figure 5.19. Here, peak-to-peak current ripple is recorded as 54 mV on the
Channel 2 screen. Even though the maximum and minimum value can be calculated
via oscilloscope screen, the peak-to-peak current ripple can be misleading because of
the noise. To be precise, the output current data is taken to computer and plotted in
MATLAB as in Figure 5.20. The record length includes 2500 data. When the noises
are ignored, the maximum and minimum values of the output current are 0.328 A and
0.292 A, respectively. Percent flicker or Mod% is easy to calculate from this curve.

The maximum and minimum values of the output current are enough to calculate this

metric.
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Figure 5.18 : 300 mA output current (DC + 100 Hz AC component).
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Figure 5.19 : 300 mA output current (100 Hz AC component).

When the Equation 3.3 is applied in Figure 5.20, percent flicker is calculated as
5.806% for the LED at 300 mA. This is acceptable since the Mod% is lower than 8%
and stays in low-risk level region. Recommended Percent Flicker at 100 Hz for human
health has already shown in Table 3.1.
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Figure 5.20 : 300 mA output current plotted in MATLAB.

Flicker index is required more complex calculations. Neither from the oscilloscope
screen or from the data set, it is hard to calculate this metric. Therefore, there will be

some assumptions on output current curve when calculating flicker index as follows:

1. The ac ripple at 40 kHz switching frequency is ignored.
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2. The ac ripple at 100 Hz is purely sinusoidal.
3. Maximum and minimum values are 0.328A and 0.292A, while the average
value is 0.310A.

With these assumptions, the output current is plotted in Figure 5.21. The MATLAB
code is given below for the estimated curve.

dt=1/10000; % seconds per sample
Stoptime=0.025; % seconds
t=(-0.025:dt:Stoptime); % seconds
dc=0.310; % DC component
Maximum=0.328; % Amp
Minimum=0.292; % Amp
ripple=Maximum-Minimum; % Amp
ac=(ripple/2)*cos(2*pi*100*t); % AC component
lout=dc+ac; % AC+DC component
plot(t,lout) % Output current vs time
0.35 : : : : ;
0.3 /\/W\/\
0.25 1
0.2
<
0.15 ¢ 1
0.1F |
0.05 - :
0 1 1 1 1 1
-0.02 -0.01 0 0.01 0.02
t

Figure 5.21 : Estimated 300 mA output current curve for calculating flicker index
and mod%.

To calculate flicker index, area above the average output current and the total area of
the output current curve are needed in a single period. These areas are illustrated in
Figure 5.22.
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Figure 5.22 : Flicker index calculation for 300 mA.

In Figure 5.22, area above the average output current is A2 and the total area of the

output current curve for a single cycle is the summation of A2, A1 and A1-A2 which

gives us 2xAl. Then, flicker index can be calculated according to Equation 3.2 as

follows:

Flicker Ind _ A
icker Index = o

Al is the area of rectangular shape which is calculated as:
A1 =0.310-(0.0125 — 0.0075) = 1.55-1073 = 0.00155

A2 has a sinusoidal shape which can be calculated as:

0.0125
Az = f (Imax — laverage )COS(Zpifflickert)dt
0.0075

0.0125
A2 = J (0.018)cos(2pi100t)dt = 0.0000572958
0.0075

Flicker Indoy 20000572958
e e T 000155

(5.8)

(5.9)

(5.10)

(5.11)

(5.12)

The percent flicker and flicker index will be calculated also for 100 mA output current.

First, 100 mA output current at the flicker frequency is shown in Figure 5.23. The

plotted 100 mA output current in MATLAB is shown in Figure 5.24. There will be
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similar assumptions on output current curve as before in 300 mA to calculate flicker
index and percent flicker. Estimated 100 mA curve is plotted in Figure 5.25 by

following assumptions.

1. The ac ripple at 40 kHz switching frequency is ignored.

2. The ac ripple at 100 Hz is purely sinusoidal.

3. Maximum and minimum values are 0.114 A and 0.100A, while the average
value is 0.107A.
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Figure 5.23 : 100 mA output current (DC + 100 Hz AC component): a) Without
cursor measurements. b) With cursor measurements.
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Figure 5.24 : 100 mA output current plotted in MATLAB.
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Figure 5.25 : Estimated 100 mA output current curve for calculating flicker index
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and mod%.

According to Equation 3.3, percent flicker or mod% is calculated as

0.114 — 0.100

Mod% = 100 = 6.54%

while operating at 100 mA output current. This 6.54% is also lower than recommended
percent flicker at 100 Hz. The flicker index can be calculated by Equation 5.8 which
is shown for 300 mA. It is an easy calculation method. When this formula applied to
one period of the 100 mA estimated curve shown in Figure 5.26, the flicker index can

0.114 + 0.100

be calculated as in Equation 5.17.
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Figure 5.26 : Flicker index calculation for 100 mA.

Al is the area of rectangular shape which is calculated as:
A1 =0.107 - (0.0125 — 0.0075) = 5.35-107* = 0.000535 (5.14)

A2 has a sinusoidal shape which can be calculated as;

0.0125
A2 = f (Imax - Iaverage )Cos(zpifflickert)dt (5'15)
0.0075
0.0125
A2 = f (0.007)cos(2pil00t)dt =0.0000222817 (5.16)
0.0075
0.0000222817
1 = = 0. 5.17
Flicker Index > 0000535 0.0208 (5.17)

To sum up, flicker metrics of the LED at the 300 mA and 100 mA output current are
calculated from the estimated curves and represented in Figure 5.27. It should be
reminded that average values of the estimated output currents are 310 mA and 107
mA. However, these values can be rounded as 300 mA and 100mA considering
measurement device tolerance and laboratory conditions. Also, the flicker
measurements taken from the output current of the LED requires confirmation from
the light output curve of the LED. There is a benefit to remind this, even though the
LED current is proportional to light output. In addition, peak-to-peak output current
ripple is obtained as 11.6% at nominal output current, while it is obtained as 13.7% at
100 mA.
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Figure 5.27 : Flicker metrics of the LED at 300 mA and 100 mA output current.
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5.4 LED Driver Tester

The driver circuit is also tested by LT-101A LED driver analyzer from EVERFINE
company. This device is designed to analyze input and output electrical performance
of LED drivers. The prototype driver circuit is tested at 300 mA and 210 mA output

current.

Table 5.5 : Results of the LED driver tester.

lout Vout Pout lin Vin Pin Cos () n
300mA 110.3v  33.40W  0.294A 220V  36.97W 0.568 90.3%
210mA 106.5VvV  22.34W  0.209A 220V  25.12W 0.545 88.9%

Efficiency of the driver is obtained around 90.3% and 88.9%, while operating at 300
mA and 210 mA, respectively.
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6. CONCLUSIONS

In this thesis, the single-ended primary inductor converter (SEPIC) that can be

designed for a wide range of input and output ratios is chosen as adjustable current

LED driver. As for the control technique, a peak current mode control method is

proposed to control LED brightness. Besides, flicker on LED string are measured for

different output current levels and tested whether it is harmful or not for human health.

A SEPIC LED driver by the proposed method is carried out in practice. To see findings

clearly and emphasis key points, conclusions of this thesis are sorted out one by one

as follows:

1)

2)

3)

4)

A modified peak-current-mode control method is proposed for 30-Watt SEPIC
LED driver.

In proposed control method, LED current is adjusted by a control voltage.
Switch current is sensed by a resistor in every switching period, and controller
turns off the switch when this current reaches peak threshold value determined
by the control voltage. Hence, LED brightness is controlled by changing this
control voltage. Simply, LED brightness can be increased by increasing the
control voltage, or can be decreased by decreasing the control voltage in
proposed control method.

Driver circuits; with PFC and without PFC are simulated in PSIM
environment. In simulation, DC-DC SEPIC converter is designed to operate in
continuous conduction mode. Required DC voltage at the input of the SEPIC
converter is rectified from AC mains. For the controller, a current-mode-
control 1IC UC3842 is used. 100 kHz switching frequency is selected for the
simulations.

In simulation, driver circuit without PFC has focused on a robust output current
control from 50mA up to 300 mA, and low level of flicker. However, the power
factor is obtained significantly low because of the input capacitor filter. Also,
the driver circuit suffers from this bulk capacitor which increases the volume

of the driver and cost. On the other hand, percent flicker on LED lamp is
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5)

6)

7)

measured very low at No Observable Effect Level (NOEL) meaning that no
health risk is concerned. According to our findings, flicker index and percent
flicker will be far below any biological effect region if the LED is driven by
this circuit. The major disadvantage of this circuit is the bad power factor at
the AC side.

In simulation, driver circuit with PFC aims to improve power factor. Bulk
capacitor at the input is removed. Output current control from 90 mA up to 300
mA has been achieved. The output current ripple is obtained around 16%, while
the output voltage ripple is 2%. Output current and voltage ripple are obtained
higher than in the first circuit but kept within acceptable levels. One of the
drawbacks of this circuit is the limitations mentioned earlier that distorts the
input current shape in Figure 4.16. However, high power factor is kept above
0.9 for operation region between 100mA-300mA. The highest power factor is
recorded as 97.97% when the output current is 279 mA. Unfortunately, the
percent flicker on LED is slightly higher than the limits for low risk level while
operating below 300 mA. According to our findings, output capacitor filter can
be enlarged to reduce output current ripple which leads to reduce the percent
flicker. Nevertheless, flicker index has been kept below 0.1 that is the limit
allowed to be used in general lighting applications.

In practice, a current-mode PWM Controller TL3845 that has a similar
operation to UC3842 is used for the controller. The switching frequency is
selected as 40 kHz. At this switching frequency, 48 mH inductors were
required to operate in CCM. This inductor values were not applicable and not
found in the market. To reduce the inductor values and still operate in CCM,
the switching frequency could be increased. However, higher switching
frequencies are related with the noise, switching losses, and EMI issues. Also,
TL3845 used in driver is limited by 500 kHz operation. Therefore, it is
preferred to operate SEPIC converter in discontinuous conduction mode. This
allows to select inductor values much lower than 48 mH. In DCM, it was
known that currents stress on components will be higher but there was no
problem since the peak current on switching device could be controlled by
proposed control method.

In practice, outer voltage feedback is removed since the current reference is

determined directly by the control voltage. Therefore, there is no need to use
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8)

9)

voltage feedback loop and related pin is connected to ground. Overvoltage
protection on LED is accomplished by controlling the output current. As long
as the current flowing through the LED is controlled, the over-voltage on LED
will be prevented. This is proved by the experimental results for different
currents. When operating the driver at nominal output and minimum output
current for a while, the LED voltage is kept constant. In addition, a proper heat
sink can be added for over-heating.

In practice, calculation of the peak current on sensing resistor has become
much easier by adding two Schottky Diodes at pin 1 of the controller. This
technique is called as “Reduction of the Clamp Level” which compensates the
internal voltage drops at related pin. This technique is adapted to our proposed
control method. Furthermore, a new formula that decides when the switch
should be turned off is given. In Figure 5.15, at 100 mA output current, it is
seen that switch current raises until the same value calculated by this formula.
Also, once the switch current reaches this threshold value, the switch is turned
off. Moreover, 1V zener diode voltage limitation that keeps the maximum
current at 1 A can be seen in Figure 5.11. Therefore, theoretical background of
the peak current control is confirmed in experimental setup.

In practice, LED current has been controlled from 60 mA up to 300 mA by
adjusting the control voltage. Hence, LED brightness is controlled. Converter
efficiency is calculated at each output current: 300 mA, 200 mA, 100 mA, 60
mA. Highest energy efficiency is recorded as 88.4% at 300 mA. Results shows
that the converter can be operated over 80% efficiency between 100 mA and
300 mA output current. Owing to proposed PCMC method, adjustable output
current and high efficiency SEPIC LED driver is prototyped.

10) In practice, however, any power factor correction technique is not applied for

the experimental driver circuit. As expected, power factor is obtained low
around 0.5 over the operation region. As for the power rating, output power
varies roughly from 5 Watt to 35 Watt. Hence, consumers can adjust output

power just as required.

11) In practice, the flicker produced by lighting source is measured from the output

current curve. Flicker index and percent flicker are the most commonly used
flicker metrics when measuring flicker. Therefore, both metrics are measured

for output current of 2100mA and 300 mA. Results from the lighting source
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show that the percent flicker at the minimum and nominal output current
satisfies the limits for low-risk level region. Moreover, the flicker index at 100
Hz is also less than 0.1 which is unlikely to produce harmful effects on human
health. Flicker metrics have been showed that this LED can be used in general
lighting applications by the proposed PCMC SEPIC LED driver.

In conclusion, LED driver circuits have become much important by the increasing
demand on LED technology. Therefore, the driver circuit design is an essential task.
The SEPIC driver circuit by the proposed peak current mode control strategy in this
thesis offers LED brightness control for the consumer comfort, a high efficient system,
and finally human health friendly lighting source with low level of flicker.

For future work, the proposed peak current mode controlled SEPIC LED driver with
PFC will be applied experimentally. Moreover, the flicker measurements of LED will
be taken from the light output curve to verify measurements taken from the output

current curve.
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APPENDICES

APPENDIX A: Measured V-I data of 9 Watt LED string.

APPENDIX B: Measured V-I data of 15 Watt LED string.

APPENDIX C: Internal Structure of UC3842 (Data sheet).

APPENDIX D: Pin Configuration and Functional Diagram of TL3845 (Data sheet).
APPENDIX E: PSIM model for UC3842.
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Table A.1 : Measured V-I data of the 9 Watt LED string.
Voltage (V) Current (mA)

0 0
18 0
20.5 3.1
20.9 8.6
21.1 12.8
21.6 26.9
21.9 37
22.1 45
22.8 72
23 90
235 113
24.2 157
24.6 180
24.8 220
24.9 250
25.2 260
25.3 280
25.9 300
26.1 340
26.3 360
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Table A.2 : Measured V-I data of the 15 Watt LED string.
Voltage (V) Current (mA)

0 0
36 0
42.5 50
444 100
44.6 120

45 130
45.3 150
45.7 160
46.2 180
46.8 200
47.6 240
47.9 260
48.5 280
48.9 300

49 310
49.3 320
49.7 350
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APPENDIX D

1§ TEXAs
INSTRUMENTS TL2842 TL2843,TL2844, TL2845
TL3842 TL3843,TL3844,TL3845
www.ti.com SLVS038H —JANUARY 1980—REVISED JANUARY 2015
Pin Configuration and Functions
D PACKAGE D-8 OR P PACKAGE
(TOP VIEW) (TOP VIEW)
comp(]+ U14]F{EF COMP [J1 - 8 [] REF
nell2 13l NC VFB[]2 70 Vee
vFB[]3 12[l Vee ISENSE [ 3 6 [ OUTPUT
ncla 1l ve RT/CT[| 4 5[] GND
ISENSE[]5 1ol outPUT
Nclls sfl GND
rRT/ICTH? 8] POWER GROUND
NC — No internal connection
Pin Functions
PIN
TYPE DESCRIPTION
NAME D D8 or P
COMP 1 1 o Error amplifier compensation pin
GND 9 5 — Device power supply ground terminal
ISENSE 3 Current sense comparator input
NC 2,4,6,13 - — Do not connect
QUTPUT 10 6 (o] PWM Output
(PBEMC’\)‘ILEJIED 8 - — Output PWM ground terminal
REF 14 8 (o] Oscillator voltage reference
RTICT 7 4 o Oscillator RC input
vc 11 - — Output PWM positive voltage supply
Vee 12 7 — Device positive voltage supply
VFB 3 2 Error amplifier input

Functional Block Diagram
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Error
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R
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Comparator
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Figure D.1 : Pin configuration and functional diagram of TL3845.
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APPENDIX E
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