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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 V / 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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DÜŞÜK FLİCKERLİ TEPE AKIM KONTROLLÜ AYARLANABİLİR SEPIC 

LED SÜRÜCÜ 

ÖZET 

Günümüzde dünyadaki enerji tüketiminin önemli bir kısmını binalarda, sanayide, 

ulaşımda ve ticari alanlarda kullanılan aydınlatma kaynakları oluşturmaktadır. Öte 

yandan, geleneksel enerji kaynakları hızla azalmaya devam etmektedir. Bu nedenle, 

enerji verimli bir aydınlatma sistemi, küresel enerji sorununa bir çözüm getirebilir. Işık 

yayan diyotlar (Light Emitting Diodes- LEDs), yüksek verimlilik, uzun ömür, çevre 

dostu, sağlamlık ve küçük boyutları gibi özellikleri nedeniyle son zamanlarda büyük 

ilgi görmektedir ve LED’lerin klasik lambaların yerini alması beklenmektedir. Ancak 

LED' leri çalıştırmak için bir sürücü devresine ihtiyaç vardır ve akım kontrollü 

sürücüler LED’in performansını artırabilir. Bu nedenle, son zamanlarda LED sürücü 

devreleri ve bu devrelerin kontrol yöntemleri ile ilgili çalışmalar akademide ve 

sanayide daha fazla ilgi görmektedir. 

LED’ler doğru akım (Direct Current- DC) ile çalışmaktadırlar. LED’ in Akım-Gerilim 

(I-V) eğrisi diyotun çalışma eğrisine benzemektedir. LED’e uygulanan gerilim eşik 

gerilimine ulaşıncaya kadar LED üzerinden bir akım akmaz. Bu eşik gerilimine 

ulaştıktan sonra akım akmaya başlar. Yüksek Parlaklı LED’lerin (High-Brightness 

LEDs) çalışma gerilimi genellikle 2.5 V ve 4 V arasında değişirken, bu LED’lerin 

çalışma akımları 50 mA ve 300 mA arasında değişmektedir. Fakat daha kuvvetli bir 

aydınlatma elde etmek için LED’ler seri, paralel veya seri/paralel diziler halinde 

bağlanabilirler. Bu durumda, yük olarak birbirine seri olarak bağlanmış birden fazla 

LED düşünülürse, LED’leri çalıştırmak için uygulanması gereken minimum gerilimin 

LED’ lerin gerilim düşümlerinin toplamına eşit olması veya bu gerilimden yüksek 

olması gerekmektedir. Genellikle gereken doğru gerilim AC şebekeden tam-dalga-

köprü-doğrultucu ve doğrultucu önünde bir kapasite yardımıyla elde edilir. Türkiye’de 

AC şebeke etkin gerilimi (Root Mean Square-RMS) 220 Volt iken, şebeke frekansı 50 

Hertz’dir. Şebeke gerilimi doğrultulduktan sonra, bir sürücü yardımıyla LED’in 

nominal çalışma akımı ve gerilimi elde edilmeye çalışılır. LED’ e giden akımı bir 

direnç yardımıyla sınırlama veya doğrusal gerilim ayarlayıcı ile LED’e giden akımı 

kontrol etme gibi LED sürücü yöntemleri vardır. Ancak bu yöntemlerin enerji 

verimliliği oldukça düşüktür. Bu yüzden, LED sürücülerinde verimliliği artırma 

noktasında yüksek kontrol kabiliyetleri ile anahtarlamalı güç kaynakları (Switching 

Power Supplies) tercih edilebilir.  

Genelde, şebekeden beslenen bir AC-DC LED sürücü devresinde sırası ile bir AC-DC 

dönüştürücü, ardından DC-DC dönüştürücü ve en son olarak LED gelir. Bu yapıda en 

çok karşılaşılan problemlerden ilki, AC-DC dönüştürücüden hemen sonra gelen büyük 

elektrolitik kapasite sebebiyle kaynaktan çekilen giriş akımının toplam harmonik 

bozunumu (Total Harmonic Distortion-THD) yüksek olması ve girişte güç faktörünün 

düşük olmasıdır. Şebeke güç kalitesini düşürmemek için, genellikle güç elektroniği 

devreleri içeren LED sürücüleri gibi elektronik aygıtlar tarafından çekilen şebeke 
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akımı harmonikleri Uluslararası Elektroteknik Komisyonu (International 

Electrotechnical Commission-IEC) tarafından IEC61000-3-2 standardına göre 

sınırlandırılmıştır. Bu standarda göre aydınlatma aygıtları C kategorisinde içinde 

bulunmaktadır. Güç faktörünü 1’ e yaklaştırmak ve akımı olabildiğince şebeke 

gerilimine özdeş tutmak için Güç Faktörü Düzelten (Power Factor Correction- PFC) 

sürücü devreleri bulunmaktadır. Çoğunlukla GFD devrelerde, doğrultma işleminden 

sonra gelen büyük elektrolitik kapasite devreden kaldırılarak, giriş akımının giriş 

gerilimini takip etmesini sağlayan kontrol yöntemleri uygulanmaktadır. Bu sayede, 

şebeke kalitesini bozmayan güç faktörü yüksek LED sürücüleri tasarlanmış olur. 

Ayrıca, ortalama ömrü 5000 saat olarak bilinen elektrolitik kapasitenin kaldırılması 

sürücünün de ömrünü uzatmaktadır. Tahmin edilen ömrü 50000 saat olan LED’ler, 

elektrolitik kapasitelerden tam 10 kat daha uzun ömürlüdür. Aslında, LED ve LED 

sürücüsü bir paket halinde düşünülürse, bu paketin ömrü sürücü devresi tarafından 

belirlenmektedir. Elektrolitik kapasitenin devreden kaldırılması, bu yapıya daha uzun 

bir ömür sağlayabilir. 

Lakin GFD sürücülerde elektrolitik kapasitenin devreden kaldırılması beraberinde 

“flicker” diye adlandırılan, aydınlatma cihazlarında karşılaşılan bir sorunu daha 

belirgin bir hale getirmektedir. Flicker Türkçe olarak “kırpışma” veya “titreme” 

adlandırılmaktadır. Flicker Aydınlatma Mühendisliği Topluluğu (Illuminating 

Engineering Society- IES) tarafından “anlık parlaklık değişimleri” olarak 

tanımlanmıştır. Yüzde flicker [Percent Flicker- Modulation (%)] ve Flicker indeks 

(Flicler Index) bu değişimi ölçmek için en sık kullanılan metriklerdir. Flicker olayı 

izleyiciler- yani insanoğlu tarafından çıplak gözle fark edilebilir veya fark edilemez 

seviyelerde gerçekleşmektedir. “Görünür flicker” frekans aralığı 3 Hz’ den 70 Hz’e 

kadar tanımlanmış olsa da insandan insana göre bu aralık farklılık gösterebilir. 70 Hz 

üzeri flicker frekansları “görünmez flicker” olarak tanımlanmaktadır. Görünmez 

flicker gözle görülemeyecek kadar hızlı olmasına rağmen, insan retinasının 100 Hz ila 

160 Hz frekansları aralığındaki ışık modülasyonunu çözebildiği saptanmıştır. Görünen 

ve görünmeyen flickerin insan sağlığı üzerinde potansiyel riskleri olabilir. Bunlardan 

bazıları: baş ağrısı, göz yorgunluğu, görme bozukluğu, migren, vertigo, epilepsi ve 

nöbet gibi insan sağlığını olumsuz etkileyen ciddi biyolojik etkilerdir ve göz ardı 

edilemez. Bu etkilerden, epileptik nöbet birkaç saniyelik görünür flickere maruz kalma 

sonucu hemen gerçekleşebilir. Ayrıca, uzun süreli görünmez flickere maruz kalma 

sonucu baş ağrıları, görme performansında düşüklük gibi insan sağlığı üzerinde 

olumsuz etkileri görülebilir.  

AC-DC LED sürücülerinde doğrultma işleminden sonra aslında tam bir doğru gerilim 

elde edilmez. Elde edilen gerilim, bir DC bileşen ve şebeke frekansının iki katı yani 

Türkiye için 100 Hz olan bir AC bileşenden oluşmaktadır. Bu 100 Hz’lik AC bileşen, 

LED üzerine uygulanan gerilime de yansımaktadır. Tepeden tepeye (Peak-to-Peak) 

AC gerilim dalgalanma büyüklüğüne göre, LED’ in akımı daha büyük oranlarda 

dalgalanma yapacaktır. LED’in parlaklığının, LED’in üzerinden geçen akım ile doğru 

orantılı olduğu düşünülürse, akımdaki 100 Hz’lik AC dalgalanma aslında LED’in 100 

Hz’lik frekansla flicker yapmasına sebep olacaktır. IEEE Güç Elektroniği Topluluğu 

tarafından (IEEE Power Electronics Society) IEEE 1789-2015 standardı kapsamında, 

Yüksek Parlaklık LED’lerde akım değişiminin izleyicilere yönelik sağlık riskini 

azaltmak için önerilen uygulamalar vardır. Önerilen uygulamaya göre, 100 Hz’lik 

flicker frekansındaki Yüzde Flicker %8’in altında olması gerekirken, Flicker indeks 

0.1’in altında olmalıdır. Sürücü devrelerinin çoğu, herhangi bir Flicker ölçümü 

yapmadan ve Flicker yüzdesi ve Flicker indeksi ile ilgili bu önerilen uygulamaları 
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kontrol etmeden piyasaya sürülmektedir. Flickerin izleyiciler üzerindeki biyolojik 

etkileri göz ardı edilemez ve bir LED sürücüsü tasarlanırken bu etkiler göz önünde 

bulundurulmalıdır. Flickersiz bir LED sürücü görsel performansı iyileştirebilir, insan 

sağlığı için daha sağlıklı bir aydınlatma sağlayabilir. Literatürde çalışmalar LED’i 

sürecek olan akımı olabildiğince doğru akıma yaklaştırma yönündedir.  

Bu tezde, çıkış akımı ayarlanabilir 30 Watt SEPIC LED sürücüsü için bir tepe akım 

kontrol yöntemi önerilmiştir. Sürücü girişi olarak 220V rms, 50 Hz AC şebeke 

kullanılmıştır. Yarı iletken anahtar sürme kolaylığı ve devre çıkışındaki polaritenin 

giriş ile aynı olması sebebiyle DC-DC dönüştürücü olarak SEPIC (Single Ended 

Primary Inductor Converter) seçilmiştir. Çıkış akımının ayarlanabilir olması için Tepe 

Akım Modu kontrol (Peak-Current-Mode-Control) yöntemi seçilmiştir. Önerilen 

kontrol stratejisi, bir şönt direnç kullanarak devredeki anahtarın tepe akım değerinin 

ölçülmesine dayanmaktadır. Bu akım değeri, tepe eşik değerine ulaştığında kontrolcü 

anahtarı kapatmaktadır. Tepe eşik değeri değiştirilerek çıkış akımı istenilen seviyelere 

ayarlanmaktadır. Anahtar tepe akımı her anahtarlama periyodunda ölçüldüğünden, 

anahtarın yanmasına sebep olacak aşırı akımlar önlenmiş olur ve sistem ani 

değişimlere kapalı döngü kontrol (Closed Loop Control) yöntemiyle hızlı cevap 

vermektedir. Darbe Genişlik Modülasyonu (Pulse Width Modulation- PWM) 

sinyalleri, UC3842 ve TL3845 akım kontrol entegreleri kullanılarak üretilmiştir. 

Önerilen sürücünün hem simülasyonu hem de uygulaması yapılmıştır. Simulasyonda 

anahtarlama frekansı 100 kHz, uygulamada ise 40 kHz seçilmiştir. 

Simülasyonun ilk kısmında önerilen kontrol yöntemi, güç faktörü kötü olan klasik bir 

AC-DC LED sürücü üzerinde denenmiştir. Önerilen kontrol yöntemi ile 50 mA ve 300 

mA arasında akım kontrolü yapılabildiği kanıtlanmıştır. Ayrıca, ölçülen flicker 

metriklerinin önerilen limitlerin içinde kaldığı tespit edilmiştir.  

Simülasyonun ikinci kısmında, güç faktörünü iyileştirmek hedeflenmiştir. 

Doğrultucudan sonra gelen kapasite devreden kaldırılmıştır ve AC girişten bir referans 

alınarak akımın giriş gerilimini takip etmesi sağlanmıştır. Güç faktörü 0.98’ yakın 

tutulurken, çıkışta 100 mA ve 300 mA arasında akım ayarı yapılmıştır. Devre 300 mA 

altında çalıştırılırken, yüzde flicker önerilen limitlerin biraz üzerinde ölçülmüştür 

ancak flicker indeks hep 0.1 limitinin altında kalmıştır. 

Önerilen kontrol yöntemi doğrulamak için, 33.6 Watt, 112 V, 300 mA bir SEPIC LED 

sürücü devresi kurulmuştur. Farklı çıkış akım seviyeleri için analiz ve ölçümler 

yapılmıştır. Maksimum verim, devre nominal çıkış akımında çalışırken %88.4 olarak 

bulunmuştur. Elde edilen sonuçlar, 100mA ve 300 mA arasında akım kontrol 

yapılabileceğini ve sürücünün %80’in üzerinde bir verimle çalıştırılabileceğini 

göstermektedir. Ayrıca 300mA ve 100mA'da sırasıyla %5.806 ve %6.540 oranında 

yüzde flicker elde edilmiştir. Bu tezde önerilen kontrol yönteminin başka sürücü 

devrelerinde rahatlıkla kullanılabilir olduğunu hatırlatmakta fayda vardır. Sonuç 

olarak, önerilen Tepe-Akım-Modu-Kontrollü SEPIC LED sürücünün, tüketici konforu 

için LED parlaklık kontrolü, enerji verimliliği için yüksek verimli bir sistem ve insan 

sağlığı için düşük riskli bir flicker seviyesi sunduğu tespit edilmiştir.





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]. 
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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  𝐼2 average current control. As well as, there are digital PFC control techniques 

that are expected to replace the analog PFC control techniques 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]. 

 Literature Review 

In literature [2], an average current controlled PFC SEPIC LED driver is proposed for 

30-Watt , 12 V/ 2.5 A LED. Universal input voltage 85-265 V AC, 50 Hz is used. High 

power factor and THD are obtained within the input voltage range. However, the 
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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. 
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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 
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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. Voltage 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. 
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 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. Voltage 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 (𝐿1, 𝐿2), a 

coupling capacitor (𝐶𝑐), and an output capacitor (𝐶𝑂𝑈𝑇) 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. 

CC

COUT

L1

L2

D1

GND

RDC

SWITCH

 

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 
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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.  

 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.  

CC

COUT

L1

L2

D1

GND

RVin

S1

G

D

S

+

-

iL1 iCc+ -VL1 + -VCc + -VD1

iDS

+

-

VDS

iD1

+

VL2

-
iL2

iCout iOUT

VOUT

+

-

 

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 𝐷𝑇𝑠, where D is the duty cycle. 

The input voltage is applied to inductor 𝐿1. The inductor current 𝑖𝐿1 starts to increase 

with a slope of 𝑉𝑖𝑛/𝐿1 until the end of this interval. The capacitor voltage 𝑉𝐶𝑐 is applied 
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to inductor 𝐿2. Likewise, the 𝑖𝐿2 starts to increase. The MOSFET current will be equal 

to sum of the two inductors’ current (𝑖𝐿1 + 𝑖𝐿2). The diode 𝐷1 is off and the output 

capacitor 𝐶𝑜𝑢𝑡 supplies the load. 

The MOSFET is turned off/open, in the second interval (1 − 𝐷)𝑇𝑠. Both inductor 

current starts to decrease with a slope of (−𝑉𝑂𝑈𝑇/𝐿1,𝐿2), since −𝑉𝑂𝑈𝑇 is applied to the 

inductors. During this stage, the diode 𝐷1 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 𝑇𝑠 , 2𝑇𝑠 , 3𝑇𝑠 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. 

CC
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D1

GND
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S1

+

-

iL1 iCc+ -VL1 + -VCc + -VD1
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+

VL2

-
iL2

iCout iOUT

VOUT

+

-

CC

COUT

L1

L2

D1

GND
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+

-

iL1 iCc+ -VL1 + -VCc
+ -VD1

+

VL2

-iL2

iCout

iOUT
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+

-

+

-

VDS

iDS

+

-

VDS

(a) Interval DTs

(b) Interval (1-D)Ts  

Figure 2.3 : Operations stages of CCM SEPIC converter: a)Switch on. b)Switch off. 



10 

Iin+Iout

 

 

iL2

iL1

iL2

iL1

Vin+Vout

VD1 VDS

iDS iD1

iL2

iL1

iCc

Inductor Currents

Voltage Stress
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Figure 2.4 : The important waveforms of CCM SEPIC Converter.  
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PWM 

t

Vin /L1 -Vout /L1
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VL1

Vin 
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DTS TS

 

Figure 2.5 : Voltage and current change of inductor 𝐿1. 

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 𝐿1 and stored 

in it. 

 A part of the energy stored in coupling capacitor 𝐶𝑐 flows to the inductor 𝐿2 

and stored in it. 

 A part of the energy stored in output capacitor 𝐶𝑂𝑈𝑇 flows to the load and feeds 

it. 

 MOSFET current is the sum of the two inductors’ current (𝑖𝐿1 + 𝑖𝐿2) and its 

voltage is zero. 

 Diode voltage is the sum of the input voltage and output voltage (𝑉𝑖𝑛 + 𝑉𝑂𝑈𝑇) 

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

 The input energy and the energy stored in inductors 𝐿1, 𝐿2 flow to the coupling 

capacitor 𝐶𝑐 and the output section 𝐶𝑂𝑈𝑇 and the load. 

 MOSFET voltage is the sum of the input voltage and output voltage 

(𝑉𝑖𝑛 + 𝑉𝑂𝑈𝑇) 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 𝐿1: 

𝑉𝐿1 =
1

𝑇𝑠
∫ 𝑣𝐿1𝑑𝑡 = 0

𝑇𝑠

0

 (2.1) 

𝑉𝑖𝑛𝐷𝑇𝑠 − 𝑉𝑜𝑢𝑡(1 − 𝐷)𝑇𝑠 = 0 (2.2) 

𝑉𝑖𝑛𝐷 + 𝑉𝑜𝑢𝑡𝐷 = 𝑉𝑜𝑢𝑡 (2.3) 

𝐷 =
𝑉𝑜𝑢𝑡

𝑉𝑖𝑛 + 𝑉𝑜𝑢𝑡
 (2.4) 
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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: 

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

must be zero. 

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

current will be provided by inductor 𝐿2 and will be equal to average current of 𝐿2. 

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 

𝐿1 is also the input current of the converter in Equation 2.8. 

2.2.2 Inductor and current ripple selection 

As mentioned earlier, the inductor currents start to increase with a slope of  𝑉𝑖𝑛/𝐿1 and 

𝑉𝑖𝑛/𝐿2 in the first interval. In this interval, 𝑑𝑖𝐿1 is the change in the amount of current 

and 𝑑𝑡 is the change in the time. In Equation 2.9, replacing them by ∆𝑖𝐿1 and D𝑇𝑠 will 

make the calculations easier.  

𝑉𝑜𝑢𝑡
𝑉𝑖𝑛

=
𝐷

1 − 𝐷
 (2.5) 

1

𝑇𝑠
∫ 𝑖𝐶𝑐𝑑𝑡 = 0

𝑇𝑠

0

 (2.6) 

𝐼𝐿2 = 𝐼𝑜𝑢𝑡 =
𝑉𝑜𝑢𝑡
𝑅

 (2.7) 

𝐼𝑖𝑛𝑉𝑖𝑛 = 𝐼𝐿1𝑉𝑖𝑛 = 𝐼𝑜𝑢𝑡𝑉𝑜𝑢𝑡  (2.8) 

𝐿1
𝑑𝑖𝐿1
𝑑𝑡

= 𝑉𝑖𝑛 (2.9) 

𝐿1
 ∆𝑖𝐿1
𝐷𝑇𝑠

= 𝑉𝑖𝑛 (2.10) 
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Where, ∆𝑖𝐿1is called as peak-to-peak current ripple of 𝐿1 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 ∆𝑖𝐿1 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: 

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 𝐶𝑐 should be greater than the input voltage. When 

selecting this capacitor, the RMS current of 𝐶𝑐 must be considered as well. When the 

MOSFET is closed, the current of the inductor 𝐿2 flows through the capacitor. When 

the MOSFET is open, the current of the inductor 𝐿1 flows through the capacitor. Then, 

the RMS current of the coupling capacitor is calculated by following formula [17], 

[19]: 

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

𝐿1 = 𝐿2 =
 𝑉𝑖𝑛𝐷𝑇𝑠
∆𝑖𝐿1

=
 𝑉𝑖𝑛𝐷

∆𝑖𝐿1𝑓𝑠
 (2.11) 

𝐼𝐿1(𝑝𝑒𝑎𝑘) = 𝐼𝐿1 +
∆𝑖𝐿1
2
= 𝐼𝑜𝑢𝑡

𝑉𝑜𝑢𝑡
𝑉𝑖𝑛

 (1 +
40%

2
) (2.12) 

𝐼𝐿2(𝑝𝑒𝑎𝑘) = 𝐼𝐿2 +
∆𝑖𝐿2
2
= 𝐼𝑜𝑢𝑡  (1 +

40%

2
) (2.13) 

𝐼𝐶𝑐 = √𝐼𝐿2
2𝐷 + 𝐼𝐿1

2𝐷′ = √𝐼𝑜𝑢𝑡
2𝐷 + (𝐼𝑜𝑢𝑡

𝐷

𝐷′
)
2

𝐷′ (2.14) 

𝐼𝐶𝑐 = 𝐼𝑜𝑢𝑡√
𝐷

1 − 𝐷
= 𝐼𝑜𝑢𝑡√

𝑉𝑜𝑢𝑡
𝑉𝑖𝑛

 (2.15) 
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Instantaneous current through the coupling capacitor is defined as: 

Over a period, 𝑑𝑉𝐶𝑐 is the change in the amount of voltage and 𝑑𝑡 is the change in the 

time. The by replacing the ∆𝑉𝐶𝑐 and 𝑇𝑠 instead of these quantities, 𝐶𝑐 value is expressed 

as; 

Where, ∆𝑉𝐶𝑐 is called as peak-to-peak voltage ripple on 𝐶𝑐. It can be calculated also 

by using Equation 2.18 [17], [18], [20]. 𝐶𝑐 value can be found by limiting the voltage 

ripple on the coupling capacitor. 

The output capacitance value can be found by: 

Where, ∆𝑉𝑜𝑢𝑡 is called as peak-to-peak output voltage ripple. 𝐶𝑜𝑢𝑡 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 𝑉𝐸𝑆𝑅 and 𝑉𝐶𝑜𝑢𝑡 and it is 

represented in Figure 2.6. 

 

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 

𝐼𝐶𝑐 = 𝐶𝑐
𝑑𝑉𝐶𝑐
𝑑𝑡

 (2.16) 

𝐶𝑐 =
𝐼𝐶𝑐𝑇𝑠
∆𝑉𝐶𝑐

 (2.17) 

𝐶𝐶 =
𝐼𝑂𝑈𝑇𝐷

∆𝑉𝐶𝑐𝑓𝑠𝑤
 (2.18) 

𝐶𝑜𝑢𝑡 =
𝐼𝑂𝑈𝑇𝐷

∆𝑉𝑜𝑢𝑡𝑓𝑠𝑤
 (2.19) 
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capacitor must be capable of handling this RMS current flowing through on it. The 

RMS current on the 𝐶𝑜𝑢𝑡 is given as: 

When the MOSFET is open, both inductor currents supply the load and output 

capacitor ESR will see the ripple of 𝑉𝐸𝑆𝑅. Assuming that 𝑉𝐸𝑆𝑅 and 𝑉𝐶𝑜𝑢𝑡 have the same 

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

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. 

As similar, the stress calculations are the same for the diode. The diode current at 

forward biased will be the 𝐼𝑖𝑛 + 𝐼𝑜𝑢𝑡, when MOSFET is not conducting. The voltage 

drop on the diode at reverse biased will be 𝑉𝑖𝑛 + 𝑉𝑜𝑢𝑡, when MOSFET is conducting 

[19]. As for the average diode current, it is equal to output current as in equation 2.24 

[18]. 

𝐼𝐶𝑜𝑢𝑡 = 𝐼𝑜𝑢𝑡√
𝑉𝑜𝑢𝑡
𝑉𝑖𝑛

 (2.20) 

ESR ≤
0.5𝑉𝑟𝑖𝑝𝑝𝑙𝑒

𝐼𝐿1(𝑝𝑒𝑎𝑘) + 𝐼𝐿2(𝑝𝑒𝑎𝑘)
 (2.21) 

𝐶𝑜𝑢𝑡 ≥
𝐼𝑂𝑈𝑇𝐷

∆𝑉𝑜𝑢𝑡𝑓𝑠𝑤2
 (2.22) 

𝑉(𝐷′𝑇𝑠) = 𝑉𝑀𝑜𝑠𝑓𝑒𝑡 = 𝑉𝑖𝑛 + 𝑉𝑜𝑢𝑡 

(2.23) 

𝐼(𝐷𝑇𝑠) = 𝐼𝑀𝑜𝑠𝑓𝑒𝑡 = 𝐼𝑖𝑛 + 𝐼𝑜𝑢𝑡 

𝐼𝐷1,𝑎𝑣𝑔 = 𝐼𝑜𝑢𝑡 (2.24) 



17 

 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. 

Where, x(t) is the state vector that contains state variables such as the inductor currents 

𝑖𝐿 and capacitor voltages 𝑉𝐶. U(t) is the input vector that contains the independent 

inputs such as the input voltage source 𝑉𝑖𝑛, the diode forward voltage 𝑉𝐷. 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 𝑥̇ in the equations, in that case 𝐾𝑥̇ 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: 

{
𝐾
𝑑𝑥(𝑡)

𝑑𝑡
= 𝐴𝑥(𝑡) + 𝐵𝑢(𝑡)

𝑦(𝑡) = 𝐶𝑥(𝑡) + 𝐸𝑢(𝑡)
 (2.25) 
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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 𝑇𝑠. 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; 

Where the averaged matrices are expressed by; 

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 KVL and KCL, respectively.  

𝐼𝑛𝑡𝑒𝑟𝑣𝑎𝑙 𝐷𝑇𝑠 : {  
𝐾
𝑑𝑥(𝑡)

𝑑𝑡
= 𝐴1𝑥(𝑡) + 𝐵1𝑢(𝑡)

𝑦(𝑡) = 𝐶1𝑥(𝑡) + 𝐸1𝑢(𝑡)
 (2.26) 

 𝐼𝑛𝑡𝑒𝑟𝑣𝑎𝑙 (1 − 𝐷)𝑇𝑠 : {  
𝐾
𝑑𝑥(𝑡)

𝑑𝑡
= 𝐴2𝑥(𝑡) + 𝐵2𝑢(𝑡)

𝑦(𝑡) = 𝐶2𝑥(𝑡) + 𝐸2𝑢(𝑡)
 (2.27) 

0 =  𝐴𝑋 + 𝐵𝑈 

𝑌 =  𝐶𝑋 + 𝐸𝑈 
(2.28) 

𝐴 =  𝐷𝐴1 + (1 − 𝐷)𝐴2 

𝐵 =  𝐷𝐵1 + (1 − 𝐷)𝐵2 

𝐶 =  𝐷𝐶1 + (1 − 𝐷)𝐶2 

𝐸 =  𝐷𝐸1 + (1 − 𝐷)𝐸2 

(2.29) 
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These equations can be written in a simple form as state equations. 

Where, x is the state vector [

𝑖𝐿1
𝑖𝐿2
𝑉𝐶𝑐
𝑉𝐶𝑜𝑢𝑡

], u is the input vector [𝑉𝑖𝑛], y is the output vector 

[𝑉𝑂𝑈𝑇]. 

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

equations, respectively. 

𝑥̇ = [

0 0 0 0
0 0 1 (𝐿2)⁄ 0

0 −1 (𝐶𝑐)⁄ 0 0

0 0 0 −1 (𝑅𝐶𝑜𝑢𝑡)⁄

]

⏞                        
𝐴1

[

𝑖𝐿1
𝑖𝐿2
𝑉𝐶𝑐
𝑉𝐶𝑜𝑢𝑡

] + [

1 (𝐿1)⁄

0
0
0

]

⏞      
𝐵1

[𝑉𝑖𝑛] 

𝑥̇ =

[
 
 
 

0 0 −1 (𝐿1)⁄ −1 (𝐿1)⁄

0 0 0 −1 (𝐿2)⁄

1 (𝐶𝑐)⁄ 0 0 0

1 (𝐶𝑜𝑢𝑡)⁄ 1 (𝐶𝑜𝑢𝑡)⁄ 0 −1 (𝑅𝐶𝑜𝑢𝑡)⁄ ]
 
 
 

⏞                              
𝐴2

[

𝑖𝐿1
𝑖𝐿2
𝑉𝐶𝑐
𝑉𝐶𝑜𝑢𝑡

] + [

1 (𝐿1)⁄

0
0
0

]

⏞      
𝐵2

[𝑉𝑖𝑛] 

𝐷𝑇𝑠

{
 
 
 

 
 
 𝐿1

𝑑𝑖𝐿1
𝑑𝑡

= 𝑉𝑖𝑛

𝐿2
𝑑𝑖𝐿2
𝑑𝑡

= 𝑉𝐶𝑐

𝐶𝑐
𝑑𝑉𝐶𝑐
𝑑𝑡

= −𝑖𝐿2

𝐶𝑜𝑢𝑡
𝑑𝑉𝐶𝑜𝑢𝑡
𝑑𝑡

= −
𝑉𝐶𝑜𝑢𝑡
𝑅

   (2.30) 

(1 − 𝐷)𝑇𝑠

{
 
 
 

 
 
 𝐿1

𝑑𝑖𝐿1
𝑑𝑡

= 𝑉𝑖𝑛 − 𝑉𝐶𝑐 + 𝑉𝐿2

𝐿2
𝑑𝑖𝐿2
𝑑𝑡

= −𝑉𝑂𝑈𝑇

𝐶𝑐
𝑑𝑣𝐶𝑐
𝑑𝑡

= 𝑖𝐿1

𝐶𝑜𝑢𝑡
𝑑𝑣𝐶𝑜𝑢𝑡
𝑑𝑡

= (𝑖𝐿1 + 𝑖𝐿2) −
𝑉𝐶𝑜𝑢𝑡
𝑅

 (2.31) 

𝑥̇ = 𝐴𝑥 + 𝐵𝑢        𝑦 = 𝐶𝑥 + 𝐸𝑢 (2.32) 
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[𝑉𝑂𝑈𝑇] = [0 0 0 1]⏞        
𝐶1

[

𝑖𝐿1
𝑖𝐿2
𝑉𝐶𝑐
𝑉𝐶𝑜𝑢𝑡

] + [0]⏞
𝐸1

[𝑉𝑖𝑛] 

[𝑉𝑂𝑈𝑇] = [0 0 0 1]⏞        
𝐶2

[

𝑖𝐿1
𝑖𝐿2
𝑉𝐶𝑐
𝑉𝐶𝑜𝑢𝑡

] + [0]⏞
𝐸2

[𝑉𝑖𝑛] 

The averaged matrices and state equations becomes as follows: 

𝐴 =

[
 
 
 

0 0 −𝐷′ (𝐿1)⁄ −𝐷′ (𝐿1)⁄

0 0 𝐷 (𝐿2)⁄ −𝐷′ (𝐿2)⁄

𝐷′ (𝐶𝑐)⁄ −𝐷 (𝐶𝑐)⁄ 0 0

𝐷′ (𝐶𝑜𝑢𝑡)⁄ 𝐷′ (𝐶𝑜𝑢𝑡)⁄ 0 −1 (𝑅𝐶𝑜𝑢𝑡)⁄ ]
 
 
 

 

𝐵 = [

1 (𝐿1)⁄

0
0
0

] , 𝐶 = [0 0 0 1] 

𝑥̇ =

[
 
 
 

0 0 −𝐷′ (𝐿1)⁄ −𝐷′ (𝐿1)⁄

0 0 𝐷 (𝐿2)⁄ −𝐷′ (𝐿2)⁄

𝐷′ (𝐶𝑐)⁄ −𝐷 (𝐶𝑐)⁄ 0 0

𝐷′ (𝐶𝑜𝑢𝑡)⁄ 𝐷′ (𝐶𝑜𝑢𝑡)⁄ 0 −1 (𝑅𝐶𝑜𝑢𝑡)⁄ ]
 
 
 

⏞                                
𝐴

[

𝑖𝐿1
𝑖𝐿2
𝑉𝐶𝑐
𝑉𝐶𝑜𝑢𝑡

] + [

1 (𝐿1)⁄

0
0
0

]

⏞      
𝐵

[𝑉𝑖𝑛] 

𝑦 = [0 0 0 1]⏞        
𝐶

[

𝑖𝐿1
𝑖𝐿2
𝑉𝐶𝑐
𝑉𝐶𝑜𝑢𝑡

] 

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

state equation. 

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 

𝑋 = −𝐴−1𝐵𝑈 

𝑌 = −𝐶𝐴−1𝐵𝑈 
(2.33) 



21 

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 𝑉𝑒 with a constant ramp (sawtooth) 

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

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]. 

Q = {
0, 𝑉𝑒 < 𝑉𝑅
1, 𝑉𝑒 > 𝑉𝑅

 (2.34) 
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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 𝑉𝑠 which is sensed by a resistor 𝑅𝑆𝐸𝑁𝑆𝐸 . The node called as 𝑉𝑠 is actually 

proportional to the switch current. This signal is then compared with the error signal 

𝑉𝑒, 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 𝑓𝑠 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 𝑇𝑠 

begins with this pulse. The switch current or the inductor current start to increase 

linearly with a certain slope during the switch closed position. 𝑉𝑠 increases 

proportionally to the switch current. At one point, this voltage will reach the threshold 

level. Once 𝑉𝑠 gets equal to 𝑉𝑒,  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]. 

 

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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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. It has a fast response to changes in the input voltage. Line regulation is 

improved [26], [28].  

2. Inherent current limiting is achieved. Limiting the maximum switch current 

cycle-by-cycle prevents switch failures from excessive currents [21]. 

3. The feedback loop contains only a single pole. 

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

1. 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. 

2. 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]. 

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

𝐼𝐿 ≈ 𝐼𝐿,𝑝𝑒𝑎𝑘 −
∆𝑖𝐿
2

 (2.35) 
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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: 

 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 

A K

LED
RLED

VFV,LED

A 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-I 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.  



28 

    

Figure 3.2 :  9 Watt LED. 

 

Figure 3.3 : V-I curve of the 9 Watt LED string. 

         

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] : 

Where, 𝐼𝐹 is the LED current, 𝐼𝑠 is the reverse saturation current, q 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.  

 

Figure 3.6 : Relationship between temperature and voltage of the LED [4]. 

𝐼𝐹 = 𝐼𝑠 (𝑒
𝑞𝑉𝐹
𝐾𝑇 − 1) (3.1) 
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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.  

EMI
FILTER

AC

Bridge Rectifier DC/DC Converter

Switch

RS

VSENSE

LED String

VOUT

CONTROL CIRCUIT

VSENSE

VOUT

 

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

Illuminating 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.  

 

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]. 

Percent Flicker, also called as peak-to-peak contrast, modulation depth and 

Modulation (%) is defined as follows according to Fig 3.8 [9]. 

𝐹𝑙𝑖𝑐𝑘𝑒𝑟 𝐼𝑛𝑑𝑒𝑥 =
𝐴𝑟𝑒𝑎 1

𝐴𝑟𝑒𝑎 1 + 𝐴𝑟𝑒𝑎 2
 (3.2) 

𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝐹𝑙𝑖𝑐𝑘𝑒𝑟 𝑜𝑟 𝑀𝑜𝑑% = 100
𝐿𝑀𝐴𝑋 − 𝐿𝑀𝐼𝑁
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]: 

 Modulation (%) is less than 0.01*frequency below 90 Hz 

 Modulation (%) is less than 0.0333*frequency between 90 Hz and 3000 Hz 

 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 (𝑓𝑓𝑙𝑖𝑐𝑘𝑒𝑟) 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% < 0.08𝑓𝑓𝑙𝑖𝑐𝑘𝑒𝑟 8% 

NOEL 𝑀𝑜𝑑% < 0.0333𝑓𝑓𝑙𝑖𝑐𝑘𝑒𝑟 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. 



35 

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. 

 Reference = 50

 Ipk-pk =100 

 Shape = Sine

 Duty Cycle = N/A

 Frequency = 100 Hz

 Iaverage = 50

 Percent Flicker = 100 %

 Flicker Index = 0.318

 Reference = 50

 Ipk-pk =100 

 Shape = Square

 Duty Cycle = N/A

 Frequency = 100 Hz

 Iaverage = 50

 Percent Flicker = 100 %

 Flicker Index = 0.500

 Reference = 50

 Ipk-pk =100 

 Shape = Triangle

 Duty Cycle = N/A

 Frequency = 100 Hz

 Iaverage = 50

 Percent Flicker = 100 %

 Flicker Index = 0.250
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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 (𝑅𝑆𝐸𝑁𝑆𝐸) in series to the 

MOSFET, and then compared with the current reference (𝐼𝑅𝐸𝐹) 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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Figure 3.13 : Current sensing and limiting. 

Error amplifier output voltage is also called as control voltage 𝑉𝑐 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 𝐼𝐶𝑂𝑀𝑃 will be equal to the voltage across the resistor R, which is 1/3 of the 

voltage after the diode’s voltage drop from 𝑉𝑐. So, the peak voltage across 𝑅𝑆𝐸𝑁𝑆𝐸  is 

controlled by the E/A output, according to following formula [28]: 
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The zener diode limits this peak voltage to 1V [28], [36]. Applying the Ohm’s law, 

peak current on 𝑅𝑆𝐸𝑁𝑆𝐸  can be calculated according to formula: 

The controller turns off the switch when the voltage across 𝑅𝑆𝐸𝑁𝑆𝐸  reaches its peak 

value. If the sensing resistor is chosen as 1 Ω, 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 𝑉𝑐 decreases, peak 

voltage across the 𝑅𝑠 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 𝑉𝑐 properly. Outer feedback loop will be disabled because of 

the 𝑉𝑐 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. 

 

𝑉𝑅𝑆𝐸𝑁𝑆𝐸(𝑃𝐸𝐴𝐾) =
𝑉𝐶 − 1.4𝑉

3
 (3.4) 

𝐼𝑅𝑆𝐸𝑁𝑆𝐸(𝑃𝐸𝐴𝐾) =
𝑉𝑅𝑆𝐸𝑁𝑆𝐸(𝑃𝐸𝐴𝐾)

𝑅𝑆𝐸𝑁𝑆𝐸
=
𝑉𝐶 − 1.4𝑉

3𝑅𝑆𝐸𝑁𝑆𝐸
 (3.5) 
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Figure 3.14 : Proposed peak-current-mode controlled SEPIC LED driver without 

PFC. 
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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 
180V~260V AC 

250V~360V DC 

Output Voltage 𝑉𝑂𝑈𝑇 100V 

Output Current 𝐼𝑂𝑈𝑇 50mA~300mA 

Nominal Output Power 𝑃𝑂𝑈𝑇 30 Watt 

Line Frequency 𝑓𝐿 50Hz 

Switching Frequency 𝑓𝑠 100kHz 

Peak-to-Peak Current Ripple ∆𝐼𝐿 40% 

Peak-to-Peak Output Voltage Ripple ∆𝑉𝑂𝑈𝑇 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 1Ω internal resistance. The 

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

𝐷𝑚𝑖𝑛 = 0.2174 ≤ 𝐷 ≤ 0.2857 = 𝐷𝑚𝑎𝑥 (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: 

∆𝐼𝐿 = 𝐼𝑖𝑛 . 40% = 𝐼𝑜𝑢𝑡
𝑉𝑜𝑢𝑡
𝑉𝑖𝑛(min)

40% = 0.048 𝐴   (4.2) 

When the switching frequency is selected as 100 kHz, the values of the inductances 𝐿1 

and 𝐿2 are calculated as follows: 

𝐿1 = 𝐿2 = 𝐿 =
𝑉𝑖𝑛(min)

∆𝐼𝐿𝑓𝑠𝑤
𝐷𝑚𝑎𝑥 = 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: 

𝐶𝐶 =
𝐼𝑂𝑈𝑇𝐷𝑚𝑎𝑥
∆𝑉𝐶𝐶𝑓𝑠𝑤

≥ 0.034 𝜇𝐹 (4.4) 

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: 

𝐶𝑂𝑈𝑇 =
𝐼𝑂𝑈𝑇

∆𝑉𝑂𝑈𝑇2𝜋𝑓
= 477 𝜇𝐹 (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. 

 

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 𝑉𝐶𝑂𝑁𝑇𝑅𝑂𝐿 is the same node as error amplifier output 𝑉𝑐 (see 

Figure 3.14 for notations). A simple RC filter is used to prevent huge spikes in current 

waveform while sensing the current, oscillator 𝑅𝑇/𝐶𝑇 is arranged that 100 kHz 

switching frequency is obtained (see 𝑅𝑇/𝐶𝑇 combinations versus oscillator frequency 

and related circuit for adjusting switching frequency in appendix). 
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Figure 4.3 : Overall driver circuit. 



43 

 

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 

(37Ωx0.3A). 

 

Figure 4.5 : Output current 𝐼𝑂𝑈𝑇 (𝐴) and output voltage 𝑉𝑂𝑈𝑇  (𝑉) [𝑉𝑐 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, 𝑉𝑔𝑠 turned from 1 to 0 when the 

sensed voltage reaches the peak threshold voltage. 𝑉𝑔𝑠 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: 

𝑉𝑅𝑆𝐸𝑁𝑆𝐸(𝑃𝐸𝐴𝐾) =
3.12 − 1.2

3
= 0.64𝑉 (4.6) 

Where, 𝑅𝑆𝐸𝑁𝑆𝐸  is chosen as 1.5 Ω, two diode voltage drops as 1.2 V. 

Peak current on 𝑅𝑆𝐸𝑁𝑆𝐸  is limited to 0.426A, which can be calculated by the Equation 

3.5: 

𝐼𝑅𝑆𝐸𝑁𝑆𝐸(𝑃𝐸𝐴𝐾) =
0.64𝑉

1.5Ω
= 0.426 𝐴 (4.7) 

Clock Signal

Gate Signal

VSENSE,FILTERED

Peak Treshold 
Voltage

 

Figure 4.6 : PWM signal generation (𝑉𝑐 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 𝑅𝑆𝐸𝑁𝑆𝐸  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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Figure 4.7 : Couple of PWM cycles (𝑉𝑐 at 3.12 V). 

 

Figure 4.8 : Peak current on 𝑅𝑆𝐸𝑁𝑆𝐸  (𝑉𝑐 at 3.12 V). 

 

Figure 4.9 : Poor power factor (𝑉𝑐 at 3.12 V). 

0

0.2

0.4

0.6

0.8

Visw Viswf_1 S2.Icomp

Peak Treshold Voltage

0.64 V

Sensed 

Voltage
Filtered Sensed 

Voltage

0.198555 0.19856 0.198565 0.19857 0.198575 0.19858

Time (s)

0

0.2

0.4

0.6

0.8

1

Vgs

0.17551 0.17552 0.17553 0.17554

Time (s)

0

0.1

0.2

0.3

0.4

I(Rsense)

0.455 V

0.1 0.12 0.14 0.16

Time (s)

0

-2

2

Is Vs/100

PF=0.42



46 

Four different control input voltage 𝑉𝐶𝑂𝑁𝑇𝑅𝑂𝐿 levels are selected to adjust the output 

current. 𝑉𝐶𝑂𝑁𝑇𝑅𝑂𝐿 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. 

 

Figure 4.10 : Output currents (A) and output voltages (V) [𝑉𝐶𝑂𝑁𝑇𝑅𝑂𝐿 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, 𝑉𝑐 is randomly changed to adjust 

output current in every 0.3 second while the circuit is running as shown in Figure 4.11. 

 

Figure 4.11 : Output current adjustment. 



47 

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 𝑉𝐶𝑂𝑁𝑇𝑅𝑂𝐿 is multiplied by sinusoidal input voltage and 

connected to pin 1 of IC. Now, the control voltage node 𝑉𝑐 denotes as 𝐼𝑟𝑒𝑓 (see Figure 

3.15 for notations). The reference current 𝐼𝑟𝑒𝑓 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 𝑉𝐶𝑂𝑁𝑇𝑅𝑂𝐿  levels are selected. 𝑉𝐶𝑂𝑁𝑇𝑅𝑂𝐿 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, 

𝑉𝐶𝑂𝑁𝑇𝑅𝑂𝐿 is 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. 

 

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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Figure 4.13 : Output currents (A) [𝑉𝐶𝑂𝑁𝑇𝑅𝑂𝐿 at 6V (Red), 5V (Blue), 4V(Green) and 

3V(Pink)]. 
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Figure 4.14 : Output current adjustment in PFC driver. 
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(b) 

Figure 4.15 : Input current 𝐼𝑆 and input voltage 𝑉𝑠 (𝑉𝐶𝑂𝑁𝑇𝑅𝑂𝐿 𝑎𝑡 4𝑉): a) 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 𝐼𝑟𝑒𝑓 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 

(𝑉𝐶𝑂𝑁𝑇𝑅𝑂𝐿 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 𝑉𝑔𝑠 
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greater than 4.4V, the reference voltage will not exceed 1V. Eventually, the input 

current waveform 𝐼𝑠 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.  

 

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 

Without PFC 

300 0.420 

221 0.400 

140 0.390 

58 0.360 

With PFC 

305 0.966 

279 0.980 

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% <

0.08𝑓𝑓𝑙𝑖𝑐𝑘𝑒𝑟", while no observable effect level (NOEL) is given by "𝑀𝑜𝑑% <

0.0333𝑓𝑓𝑙𝑖𝑐𝑘𝑒𝑟". In our 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). 
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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-I table of this LED is given in Table 5.1. 
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Table 5.1 : V-I 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). 

 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.  

 As a diode, 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 𝐿1 is found as: 
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𝐼𝐿1 =
110 ∙ 0.3

311
= 0.106 𝐴 (5.1) 

When the Peak-to-peak current ripple of 𝐿1 is chosen 40% of the average inductor 

current, ∆𝐼𝐿 will be 0.0424 A. Duty cycle is calculated as follows: 

𝐷 =
110

311 + 110
= 0.261 (5.2) 

If the switching frequency is selected 40 kHz, the inductor value is calculated as: 

𝐿1 = 𝐿2 =
 𝑉𝑖𝑛𝐷

∆𝑖𝐿1𝑓𝑠
=

311 ∙ 0.261

0.0424 ∙ 40000
= 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: 

 

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. 

 

𝑉𝑅𝑆𝐸𝑁𝑆𝐸(𝑃𝐸𝐴𝐾) =
𝑉𝐶 − 1.4𝑉 + 1.4𝑉

3
=
𝑉𝐶
3

 (5.4) 

𝐼𝑅𝑆𝐸𝑁𝑆𝐸(𝑃𝐸𝐴𝐾) =
𝑉𝐶

3𝑅𝑆𝐸𝑁𝑆𝐸
 (5.5) 
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Table 5.2 : Experimental components used in the driver circuit. 

Component List 

IRF840 MOSFET 

MUR1560 Output Diode 

2 𝑚𝐻 Inductors 

22 𝜇𝐹 Output Capacitor 

0.1 𝑢𝐹 Coupling Capacitor 

1 Ω Sensing Resistor 

22 𝜇𝐹 Input Capacitor 

35 Watt LED 

10 Ω Gate Resistor 

50 𝑘Ω Pot - 6.8 𝑛𝐹 Oscillator 𝑅𝑡/𝐶𝑡 
2.2 𝑘Ω − 470 pF Current Spike Filter 

1N4148 Reduction of Clamp Level Diodes 

Gw-Instek GPC-3060D DC Power Supply  

Tektronix TDS 1001B Oscilloscope 

Wavetek DM23XT Digital Multimeter 

De Lorenzo- DL1013T1 AC Power Supply 

De Lorenzo- DL1031 Wattmeter  

De Lorenzo- DL2642 Isolation Amplifier  

De Lorenzo- DL 1093 Transformer  

(a) 

(b) 

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 

1 AC Power Supply 

2 Wattmeter 

3 Isolation Amplifier 

4 Transformer 

5 DC Power Supply 

6 PCMC SEPIC Driver 

7 Oscilloscope 

8 Computer 

9 LED 

10 Multimeter 

 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. 
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Figure 5.6 : SEPIC converter. 
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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 𝑅𝑡 of the oscillator. 

The duty cycle is recorded as 0.187 (4.687us/25us). 

 

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. 

 

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 𝑆1 current is 

sensed by 𝑅𝑠 in Figure 5.6. Channel 1 of the oscilloscope is directly connected to 

source of the switch. Choosing the 𝑅𝑠 as 1Ω 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. 

 

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. 

 

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 

1 is 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 

𝑅𝑠 is 1Ω. 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. 

 

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 𝐿2 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 𝑉𝑐 is applied to driver circuit. Output current 𝐼𝑜𝑢𝑡, output voltage 𝑉𝑜𝑢𝑡, input 

current 𝐼𝑖𝑛, input voltage 𝑉𝑖𝑛, active power 𝑃𝑖𝑛 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. 

Vc Iout Vout Pout Iin Vin Sin Pin Cos φ η 

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 97.7V 5.862W 0.08A 220V 17.6VA 8W 0.455 73.2% 

Output Power =Pout = Vout Iout  , Apparent Power =Sin = Vin Iin , Power Factor = Cos φ= Pin/ Sin, Efficiency= η= Pout/ 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. 

 

Figure 5.13 : PWM signal and 100 mA output current (Control voltage at 1.5 V). 

 

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. 

𝑉𝑅𝑆𝐸𝑁𝑆𝐸(𝑃𝐸𝐴𝐾) =
1.5

3
= 0.5 𝑉 (5.6) 

 

Figure 5.15 : Switch current (Control voltage at 1.5 V). 

 

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). 

(a) 

(b) 

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.  

10ms

   

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

40 kHz Switching 

Ripple 
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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. 

𝑀𝑜𝑑% = 100
0.328 − 0.292

0.328 + 0.292
= 5.806% (5.7) 

 

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 

Iout=dc+ac;                       % AC+DC component 

plot(t,Iout)                      % Output current vs time 

----------------------------------------------------------------------------- 

 

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 2xA1. Then, flicker index can be calculated according to Equation 3.2 as 

follows: 

𝐹𝑙𝑖𝑐𝑘𝑒𝑟 𝐼𝑛𝑑𝑒𝑥 =
𝐴2

2𝐴1
 (5.8) 

A1 is the area of rectangular shape which is calculated as: 

𝐴1 = 0.310 ∙ (0.0125 − 0.0075) = 1.55 ∙ 10−3 = 0.00155 (5.9) 

A2 has a sinusoidal shape which can be calculated as: 

𝐴2 = ∫ (𝐼𝑚𝑎𝑥 − 𝐼𝑎𝑣𝑒𝑟𝑎𝑔𝑒  )𝑐𝑜𝑠(2𝑝𝑖𝑓𝑓𝑙𝑖𝑐𝑘𝑒𝑟𝑡)𝑑𝑡
0.0125

0.0075

 (5.10) 

𝐴2 = ∫ (0.018)𝑐𝑜𝑠(2𝑝𝑖100𝑡)𝑑𝑡 = 0.0000572958
0.0125

0.0075

 (5.11) 

𝐹𝑙𝑖𝑐𝑘𝑒𝑟 𝐼𝑛𝑑𝑒𝑥 =
0.0000572958

2 ∙ 0.00155
= 0.0185 (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. 

(a) 

 

(b) 

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. 

 

Figure 5.25 : Estimated 100 mA output current curve for calculating flicker index 

and mod%. 

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

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 

be calculated as in Equation 5.17. 

𝑀𝑜𝑑% = 100
0.114 − 0.100

0.114 + 0.100
= 6.54% (5.13) 
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Figure 5.26 : Flicker index calculation for 100 mA. 

A1 is the area of rectangular shape which is calculated as: 

A2 has a sinusoidal shape which can be calculated as; 

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.

𝐴1 = 0.107 ∙ (0.0125 − 0.0075) = 5.35 ∙ 10−4 = 0.000535 (5.14) 

𝐴2 = ∫ (𝐼𝑚𝑎𝑥 − 𝐼𝑎𝑣𝑒𝑟𝑎𝑔𝑒  )𝑐𝑜𝑠(2𝑝𝑖𝑓𝑓𝑙𝑖𝑐𝑘𝑒𝑟𝑡)𝑑𝑡
0.0125

0.0075

 (5.15) 

𝐴2 = ∫ (0.007)𝑐𝑜𝑠(2𝑝𝑖100𝑡)𝑑𝑡 =
0.0125

0.0075

0.0000222817 (5.16) 

𝐹𝑙𝑖𝑐𝑘𝑒𝑟 𝐼𝑛𝑑𝑒𝑥 =
0.0000222817

2 ∙ 0.000535
= 0.0208 (5.17) 
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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. 

Iout Vout Pout Iin Vin Pin Cos φ η 

300mA 110.3V 33.40W 0.294A 220V 36.97W 0.568 90.3% 

210mA 106.5V 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. 

 



79 

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) A modified peak-current-mode control method is proposed for 30-Watt SEPIC 

LED driver. 

2) 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. 

3) 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 IC UC3842 is used. 100 kHz switching frequency is selected for the 

simulations. 

4) 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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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.  

5) 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.  

6) 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. 

7) 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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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. 

8) 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. 

9) 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 100mA 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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Table A.1 : Measured V-I data of the 9 Watt LED string. 

 

  
Voltage (V) Current (mA) 

0 0 

18 0 

20.5 

20.9 

21.1 

21.6 

21.9 

22.1 

22.8 

23 

23.5 

24.2 

24.6 

24.8 

24.9 

25.2 

25.3 

25.9 

26.1 

26.3 

3.1 

8.6 

12.8 

26.9 

37 

45 

72 

90 

113 

157 

180 

220 

250 

260 

280 

300 

340 

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 

44.4 

44.6 

45 

45.3 

45.7 

46.2 

46.8 

47.6 

47.9 

48.5 

48.9 

49 

49.3 

49.7 

50 

100 

120 

130 

150 

160 

180 

200 

240 

260 

280 

300 

310 

320 

350 
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APPENDIX C 

(a) 

                                                (b) 

(c) 

Figure C.1 : Internal structure of UC3842: a) UC3842 functional block diagram. b) 

Oscillator circuit. c) Timing resistance vs oscillator frequency. 
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APPENDIX D 

 

 

Figure D.1 : Pin configuration and functional diagram of TL3845. 
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APPENDIX E 

 

 
 

Figure E.1 : PSIM model for UC3842. 
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